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Gestural Structures and 
Phonological Patterns* 



Catherine P. Browman and Louis Goldstein^ 



INTOODUCnON 

In this paper, wc present a particular view of phonology, one In which lexical items 
are construed as characterizing thtf activity of the vocal ^-nct (and Its artlculatois) as a 
Mund-produdng system. Central to this characterization is the concept of dynamically 
defined artlctilatory gestures. Such gestures are, we aigue, useful primitives for 
characterizing phonological patterns as well as for analyzing the activity of the vocal 
tract articulators. Gestural structures can function as lexical representations because 
distinctiveness Is captured by these structures and phonological piocesses can be seen 
as operating on them In addition, the gestural approach has two benefits: it serves to 
analyze phonological patterns according to their source (artlculatoiy, acoustic, 
perceptual, etc.), and it captures the imderlylng unity among apparently disparate 
patterns, not onfy within phonology but also among phonology, perception, and 
production. These benefits lead to a simpler, more general account of a number of 
phenomena. 

A gestural lexicon Is part of the computational model of speech production that we 
are currently developing with Elliot Saltzman, Philip Rubin and others at Hasklns 
Laboratories (Browman, Goldstein, Kelso, Rubin, & Saltzman, 1984; Browman 
Goldstein, Saltzman. & Smith, 1986; Saltzman. Rubin, Goldstein. & Brovvman, 1987). 
Our notion of gesture J- based on the concept J'cooralnatlve structures (Fowler, Rubin, 
Remez, & Turvcy, 1980) as developed In the task dynamic model (Saltzman, 1986* 
Saltzman St Kelso. 1987), and is consistent with the view of Ubeimaii and Mattlnghr 
(1985) that "gestures... have characteristic Invariant properties... as the more remote 
structures that control the [peripheral] movements" tp. 23). Briefly, the basic 
assumptions are (1) that a primary task In speaking is to control the coordinated 
movement of groups of articulators (rather than the individual movements of 
Individual articulators), and (2) that these coordinated movements can be characterized 
using dynamical equations. Each gesture has its own characteristic coordlnatlve 
pattern. 

The hypothesis that the lexicon Is composed of dynamically specified gestures has 
several implications for the motor theory and modularity claims. First, since the same 
lexicon Is assumed to be accessed when an individual is speaking or listening, the 
hypothesis impUes that a listener ultimate^ recovers the set of gestures that are part of 
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a given lexical entry. However, the motor theory is a specific proposal about the 
mechartism of recovery (among several possible proposals, see for example. Fowler and 
Rosenbltun, in press) and the arguments for a gestiiral lexicon should not be construed 
as supporting this or ai^ other specific proposal. Second, we should note that the use of 
dynamical equations is not restricted to the description of motor behavior in speech* 
but has been used to describe the coordination and control of skilled motor actions in 
general (Cooke, 1980; Kelso, Hdt, Rubin, & Kugler, 1981; Kelso &Tuller, 1984a,b; Kugler, 
Kelso, & Turvey, 1980). Indeed, in its preliminary version, the task dynamk: model we 
are using for speech was exactly the model used for controlling arm movements, with 
the articulators of the vocal tract slmpty substituted for those of the arm. Thus, in this 
respect the model is not consistent with Uberman and Mattlngly's (1985) concept of 
language or speech as a separate module, with principles uruelated to other domains. 
However, in another respect, the central role of the task in task dynamics captures the 
same Insight as the Momain-speclficity* aspect of the modularity hypothesis— the way 
in which the vocal tract articulators are yoked is crucially affected by the task to be 
achieved (Abbs, Gracco, & Cole, 1984; Kelso, Tuller, V.-Bateson, & Fowler, 1984). 

In this paper, in which we focus on larger language patterns (lexical and phonological 
structure), we will be demonstrating that many of the patterns observed both in 
inventories and in alternations can be understood in terms of their articulatoiy and 
(tynamlc structure. The general principles governing motor behavior also interact with 
other principles, such as articulatory-acoustlc relations, in a task-specific way to give 
rise to a variety of different patterns. 

2. LEXICAL ORGANIZATION 

In this section, we discuss how gestural structures can fulfill one of the most 
Important functions of lexical representatloiir— distinctiveness. Wf will examine how 
contrastlve words (or morphemes) differ from one another in terms of their component 
gestures and their organization. In addition, the same gestural structures have an 
inherent physical meaning: they directly (without mediation of any ''implementation" 
rules) characterize tlie artlculatory movements of those words. 

2.1 Gestures and Distinctiveness 

A dynamically defined artlculatory gesture characterizes the formation (and release) 
of a constriction r^thin the vocal tract through the movement of (1) a particular set of 
articulators, (2) towards a particular constriction location (3) with a specific degree of 
constriction, and (4) in a characteristic, (fynamlcally-described marmer. Gestures are 
not the movements themselves, but rather abstract characterizatlonfy of the mov ments 
(see Browman & Goldstein, 1987, and Saltzman et al.. 1987, for more detailed 
descriptions of gestures). Contrastlve gestures can be distinguished on the basis of the 
values of these four attributes. 

Because the gestures characterize movements within the vocal tract, they are 
effectively orgar^d by the anatomy of the vocal tract. For example, at the coarsest 
level, gestures may differ in the major artlculatory subsystems (velic, laryngeal, and 
oral) employed (attribute (1) above). These choices correspond to contrasts in nasality, 
voicing, and place. The oral subsystem can be further divided into three distinct 
articulator sets (or synergies), one for the lips, one for the tongue tip, and one for the 
tongue body. This (hierarchical) artlculatory organization is also incorporated In a 
number of recent approaches to phonok^al features (e.g., Clements. 1985: Ladefoged & 
Halle, 1988: Sagey, 1986). Contrasts in the familiar oral place of articulation involve 
one c£ these articulator sets moving to a particular constriction location (attribute (2)). 
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Gestures may also contrast In the degree of such constriction (attribute (3)). 
corresponding, for example, to stop-frlcatlve-approxlmant contrasts. Within our 
computational model, these thre«5 attributes determine the set of "tract variables" 
(Figure 1). Each oral gesture Is represented as a pair of tract variable dynamical 
equations (one for constriction location, the other for constriction degree), each for the 
aporoprlate artlculatoiy syneigy. veUc and glottal gestures involve single tract 
variable equations (Browman & Goldstein. 1987; Saltzman et al.. 1987). These 
dynamical equations Include (In addition to specification of target value) dynamic 
descriptors such as stif&iess (related to the rate of movement) and damping. Contrasts 
In these parameters (attribute (4)) may be relevant, for example, to the distinction 
between vowels and glides. 

Hius, contrasts among gestures Involve differences In the attributes (1-4) discussed 
above. We may ask. however, how the discreteness associated with lexical contrasts 
emerges from these differences in attributes. First, it should be noted that gestures 
involving movements of different sets of articulators (attribute l) differ In an 
inherently discrete way and are thus automatically candidates for distinctiveness 
(Ubeiman. Cooper. Shankweller. & Studdert-Kcnnedy. 1967). The Importance of this 
anatomical source of distinctiveness can be seen in jthe fact that, for the 317 languages 
reported in Maddlcson (1984). 96.8% have nasals, and about 80% use voicing 
differences among consonants. Moreover. 98.4% have a contrast among gestures of the 
lips, tongue tip. and tongue body. 

With respect to the other attributes, however, gestures may not differ discretely from 
an articulatory and/or dynamic perspective (although our knowledge about possible 
principles governing Uie control and coordination of speech gestures is. at present 
quite limited). In these cases, other forces will tend to create discreteness (and hence the 
automatic potential for distinctive use). For example, as Stevens (1972) has argued, the 
potential continuum of constriction degree can be partitioned into relatively discrete 
regions that produce complete closure or turbulence, based on aerodynamic 
considerations. The stability of these regions is reflected m the fact that all the 
languages discussed in Maddleson (1984) he-.-? stops: 93.4% have fricatives. For wider 
constriction degrees, as well as for constriction location (for a given set of articulators), 
artlculatory-acoustic relations (Stevens. 1972) and the predisposition to maximally 
dlffwemiaxe the gestures and sounds of a language (e.g.. Undblom. MacNellage. & 
Studdert-Kennedy. 1983) will help to localize the distinctive values of these variabtes in 
fajly weU-deflned. stable regions for any one language. These regions may. in fact, 
dlfler from language to language (e.g.. Disner. 1983: Udefoged. 1984: Ltadblom. 1986). 
indicating that there Is some nondeteimlnacy in the distribution of these regions. Thus 
the distinctiveness of individual gestures is a confluence of general articulatory 
acoustic, and perceptual pressures towards discreteness, with a certain amount of 
arbitrariness resolved in language-particular ways. 

2.2 Gestixral Organization and Distinctiveness 
Gestures capture distinctiveness not only individually but also in their organization 
with respect to each other. Here the fact that gestures are both spatial and temporal 
becomes crucial. That Is. because gestures are characterizations of spaUotemporal 
artlculatoiy events, it Is possible for them to averiap temporally in various ways. This 
fact of overlap, combined with the underlying anatomical structure, gives rise to 
differmt oiganlzatlons that can be used contrastlvely. and also leads to a variety of 
phonological processes. The distinctive use of overiap will be discussed in this section. 
Its role in phonological processes in section 3. 
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tract variable 


articulators involved 


LP lip protrusion 
LA lip aperture 
TTCL tongue tip constrict location 
TTCD tongue tip constrict degree 
TBCL tongue body constrict location 
TBCD tongue body constrict degree 
VrL velic aperture 
GLO glottal aperture 


upper & lower lips, jaw 
upper & lower lips, jaw 
tongue tip, body, jaw 
tongue tip, body, jaw 
tongue body, jaw 
tongue body, jaw 
velum 
glottis 




FiguK 1. Tract variables and associated articulator^ used In the computational model of phonology and 
speech production described in the text. 
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111 Gestural Scores 

A lexical item typically consists of a characteristic organization of several gestures. 
Within the computational model being developed, the concept of phase relations (Kelso 
& Tuner* 1985) is used to coordinate the set of gestures for a given lexical item. This 
results in a representation that we call a gestural score (Browman et aL, 1986). Figure 
2a shows a schematic gestural score for the item "spam." The five separate rows can be 
thought of as "tiers": one cacti for the vellc and glottal subsystems, and three for the 
oral subsystem, representing the three articulatory synergies. Each box rept-esents a 
single gesture, its horizontal extent indicating the interval oi time during which it is 
active. (For more details on gestural scores and their use, see Browman & Goldstein, 
1987.) 

Figure 2 compares two gestural scores, one for "spam" (a) and one for "Sam" (b). There 
are two additional aspects of distinctiveness that appear when these scores are 
compared. The only difference between the scores is in the presence of the first bilabial 
closure gesture in "spam." The first Implication of this is that distinctiveness can be 
conveyed by the presence or absence of gestures (Browman & Goldstein, 1986a; 
Goldstein & Browman, 1986), which is an inherently discrete property. The second 
implication is that distinctiveness is a function of an entire constellation of gestures, 
and that more complex constellations need not correspond to concatenated segment- 
sized constellations. That is, the difference between "spam*^ and "Sam" is represented 
by the difference between two gestures (areolar fiicatlve and bilabial closure) vs. oue 
gesture (alveolar fricative), in each case co-occurring with a single glottal gesture. This 
contrasts with a segment based description of the distinction as two segments vs. one 
segment, where each segment includes both a glottal and an oral constrlcUon 
specification (see Browman & Goldstein, 1986a, for further discussion). In this sense, 
the gestural structures are topologically similar to autosegmental structures postulated 
on the basis of evidence from phonological alternations (e.g., Clements & Kpyser, 1983: 
Hayes, 1986). Note that, in contrast to segment-based theories, which effectively 
require simultaneous coordination among all the feptures composing a segment, there 
are no a irtori constraints on intergestural organization within the gestural 
framework (other than anatomical structure). The relative "tightness" of cohesion 
among particular constellations of gestures is a matter for continuing research. 

2JL2 Gestural ^^hrerlip 

Tlie gestunu scores In Figure 2 show substantial temporal overlap among the various 
gestures. In this section, we examine how differences in degree of overlap can be used 
disttnctivefy in the case of two gestures, each avith approximately the same extent in 
time as could occur with some "singleton" consonants, for example syllable-initial [n] 
(veUc and oral gestures) and It) ^glottal and oral gestures) The different possibilities for 
overlap of such gestures are exemplified in Figure 3. where (as in the gestural scon.:* of 
Figure 2). the horizontal extent of each rectangle represents the temporal interval 
during which a particular gesture is active. There Is a potential continuum ranging 
from complete synchrony (displayed in row (a)) through partial overlap (row (b)) to 
minimal overlap (row (c)). Depending on the particular articulatory subsystems 
invohred (shown in the different columns in the figure), as well as the amount of 
overlap, these gestural combinations have been categorized (by phonologists and 
phoneticians) as being very different phenomena, as indicated by the labels for each 
example in the figure. Various, and in some cases ad hoc. phonological features have 
been employed to capture contrasts in overlap patterns (see Browman & Goldstein, 
1986a). We would propose, however, that direct analysis of these organizations in terms 
of degree of overlap leads to a simpler and more explanatory description of the 
distribution of these structures in phonological inventories and of their role in 
phonological processes. 



Cestuml Structures and Phonological Patterns 

ERLC 



6 



(a) 



v«lle 



oral: 



tongiM 
body 
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tip 
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^^pharyng•al 
wide ^ 



alveolar^* 
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'bilabial 
! closure 
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Figure 1 (a) Gestural score for the word spam, (b) Gestural score for il -> word Sam. 
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(a) oral 
glottal 




nasal voiceless double 

unaspirated articulation 
In] (tj [gB] 



vellc 
(b) oral 

glottal 




prenasallzed voiceless secondary 

aspirated articulation 



vellc 
(C) oral 

glottal 



nasalization + oral 



oral + /h/ 
[dh] 



consonant 
cluster 
[gb] 



Figure 3. Examples of geshiral overlap. Each box represents the temporal interval during which a 
parHcular gesture is active, (a) Complete synchrony, (b) Partial over' p. (c) Minimal overlap. The leftmost 
column ccr.irasts degrees of overlap for velic plus oral gestures, the middle column for glottal plus oral 
gestures, and the rightmost column for two oral gestures. 
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The simplest case is vahen two gestures from different artlculatory subsystems 
overlap complete^, both having approximately the same extent in time (Figure 3a. left 
and middle). This case, which (in some sense} maps in a 1-1 fashion onto a 
segmentation of the acoiistic signal, is often analyzed as a segmental unit, for example, 
(initial) nasal stops or voiceless unaspiratcd stops (velic plus oral or glottal plus nral. 
respectively). 

What happens to this simple case, however, when one of the gestures is slid sli^tly so 
that the overlap is partial rather than complete (Figure 3b. left and middle)? An 
aspirated, rather than unaspirated stop, for example, maps onto a sequence of two 
distinct acoustic evcnt»— voiceless stop and aspiraUon— leading to difficulties, in a 
puxely temporal acoustic measure, in assigning the aspiration to the preceding stop or 
the following vowel. From an articulatoiy point of view, however, there are still two 
gestures simply organized slightly differently, such that there is not complete 
synchrony between the two (see Uskcr & Abramson. 1964; Lcfqvist. 1980). About 50 
languages in Maddieson*s (1984) survey contrast these two patterns of organization 
(voiceless unaspirated vs. voiceless aspirated). Tlie similar overlap differences between 
the velic and oral gestures are contrastlve in IS of the 18 languages with prenasalized 
stops. i.e.. prenasalized stops contrast with nasals (see also Browman & Goldstein. 
1986a; Herbert 1986). 

The status of overlap between two gestures within the same artlculatory subsystem 
(oral-oral: Figure 3. right colwnn) differs in several respects from that of overlap 
l^etween gestures from different artlculatory subsystems (oral-glottal or oral-velic). 
Overlapping oral (consonant) gestuTS are relatively rare, and seem to be restricted to 
two typtt\. First, synchronous double oral articulations (Figure 3a: right) involving 
stops anj possible, although tiicy occur in only 6.3% of the languages surveyed by 
Maddieson (1984): moreover* they are apparent^ restricted to labial and velar closure 
gestures. Relattvdy synchronous alveolar and velar closure gestures also occur, albeit 
rarely, but appear to be associated jvith a different airstream mechanism— velaric 
suction— that produces clicks (Ttaili. 1985). (In fact. Marchal [1987] suggests the 
possibility that the suction associated with clicks could develop automatically from the 
increased overlap of sequential velar and alveolar closures, as he observes currently in 
French.) Labial-alveolar double articulations have been reported for such languages as 
Bura and Maigi* but the data u£ Maddieson (1983) show that the gestures involved 
display, at most, only partial overiap (but cf. Sagey. 1986. for further discussion of the 
phonological status (tf these structures). Second, stops may show at least partial overlap 
with a gesture of constriction degree wider than stop or fricative (Figure 3b: right). For 
example, labialization of stops is observed in about 13% al the languages in Maddieson 
(1984) aiid roughly the same proportion of languages show palatalization. Other than 
these cases, the possibiUties for overlap of oral closure gestures with other constriction 
degrees (e.g.. fricatives) is controversial (see Sagey. 1986). Thus, wh^te it is clear that 
languages can hjve two synchronous oral closure gestures, and can aiso have two such 
gestures with minimal overiap (that is. consonant clusters as in Figure 3c: right), it is 
not clear whether ar^ single language contrasts degrees of overlap for oral stops and 
fricatives. 

Thus, when we examine contrast in terms of gestures and their oiganization. we find 
restrictions or "gaps' in phonological inventories. These restrictions involve the 
distinctive use of o^lap among oral gestures (compared to the relatively freer use of 
overiap contrasts across articulatoiy subsystems) and can probably be accounted for by 
a combination of anatomical and acoustic factors. Labials and velars, for example, use 
different sets of articulators (lips and tongue), so that it is possible to produce them 
simultaneously (see Halle. 1982); they also have similar, mutual^ reinforcing effects 
on the acoustic signal, both having comparatively more energy in the lower rattier than 
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upper end of the spectrum (Jakobson* Fant* & Halle* 1969). Ohala and Lorentz (1978) 
argue that no other combination of constrictions foimed with Independent articulators 
shows this type of acoustic compatibility, and that this could account for the 
predominance of labiovelars among "double" articulations. Constraints on 
overlapping of gestures with different constriction degrees can also be understood in 
temis of the aerodynamic or acoustic interaction of the two gestures. It is slmpty not 
possible to have the oral tract simultaneously completely cloMd and also open enough 
to permit, for example, frlcation, even if the two constrictions involve different 
articulator sets and different locations. Tlie acoustic consequences of the oral tract as a 
whole wiU be dominated by the narrowest constriction. Note that this points up an 
inherent difference between the use of two gestures within the same or within different 
articulatory subsystems. It is perfectly possible, for example, to have the oral tract 
closed while the nasal tract remains open: the acoustic consequences of the open nasal 
tract will not be obscured. As Mattixigty (1981) points out this type of conflict may 
constrain the organization of oral gestures in order to maintain the perceptual 
recoverability. 

More generally, we may ask, as we did in the case of gestural attributes, how the 
potential continuum of inteigestural overlap (particular^ when involving different 
articulatory subsystems) is partitioned into the three discrete contrasting overlap 
patterns exemplified in Figure 3. While the answer here is quite speculative, again a 
combination (tf dynamic articulatory and acoustic factors may be involved. Recent 
research on bimanual rhythmic movements has den onstrated discrete, stable 
coordinatlve modes (in phase vs. out of phase) whose properties can be imderstood in 
terms of differential coupling of non-linear oscillators (e.g., Kay, Kelso, Saltzman, & 
Schoncr, 1987; Turvcy. Rosenblum, Kugler, & Schmidt, 1986). To the extent that the 
coordiTiation of different speech gestures can be ana^rzed in a similar wiy« it may be 
possible to discover analogous coupling modes that correspond to contrastlve patterns 
of gestural overlap. In addition, while the overlap between two gestures forms an 
articulatory continuum, certain qualitative acoustic events may emerge at some 
critical degree of overlap. For example, is the glottal gesture slides further to the right 
between rows (a) and (b) of Figure 3 (middle column), at some point perceptible 
aspiration will be generated. Such emerging acoustic properties could also contribute to 
the partitioning of the overlap continuum. 

In simunaiy, lexk^ distinctiveness can be represented in gestural structures in three 
different ways: differences in gestuial attributes, presence vs. absence of particular 
gestures, and differences in gestural overlap. In many cases, the gestural framework 
provides a natural basis for discrete categorization, particular^ when supplemented 
with additional aerodynamic, acoustic, and perceptual principles. In addition, certain 
general tendencies found in the phonological inventories of human languages can be 
rationalized when the elements of these inventories are described as gestural 
structures. 

3. PHONOL(3GICAL PRiXTiaSSES 

The role of gestures and gestnral overlap in phonology is not limited to their ability 
to capture the distinctions among lexical items. Gestural overlap, in particular, can 
help explain much variability observed during speaking. For example, as argued in the 
early formulation of the motor theory (Uberman et al., 1967), much coarticulatlon can 
be explained in terms of the overlap of vowel and consonant gestures ("parallel 
transmission**), and this idea has been incorporated into our gesture-based 
computational model (Browman & Goldstein, 1987; Saltzman et al., 1987). in addition, 
as will be exemplified t)elow, simple changes in gestural overlap can account for more 
extreme forms of variation such as apparent segment assimilations, deletions, and 
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insertions (Browman & Goldstein. 1987). The explanatory power of gestural overlap 
springs from the fact that gestures are abstract characterizations of the actual 
movements of the articulators, movements that occur in space and over time. When two 
gestures using the same articulator set co-occur, the movements of the articulators will 
be aflfected by both gestures. Even when two co-occurring gestures use different sets of 
articulators, the nature of their overlap can lead, as we will see. to interesting 
discontinuous effects on the acoustic signal 

The consequences of overlapping gestures are particularly clear in casual speech 
(Bxowman & Goldstein, 1987). where casual speech is defined as that fluent subset of fast 
speech in which reductions typically occur (Gay. 1981; Llndblom. 1983). Indeed, 
Browman and Goldstein (1987) have proposed that all variability in casual speech m^ 
be due to gestural reduction and/or changes in gesttiral oveiiap. Tlie same patterns that 
occur in casual speech are also observed in ''natural" phonological processes (e.g.. Stoat. 
T&ylor. & Hoard. 1978) and in many types of histortcal change (Browman ft Goldstein. 
1986b; Pa^uca, 1982). In section 3. 1. we discuss these common patterns, exemplifying 
how gestures and gestural overiap can contribute to our understanding of the patterns 
in each of these areas. In sections 3.2 and 3.3. we discuss synchronic and dlachronic 
patterns (Le.. phonological alternations and histortcal change) that do not correspond 
to casual speech processes, showing how in many cases the gestural framework clarifies 
the nature dfthe patterns. 

3.1 Synchronic and Diachronic Patterns Attributable to Casual 

Speech Processes 

If we assume that a speaker's knowledge of a lexical item includes a specification of 
its gestiires and their organization, it is possible to provide :>n explanatory account for 
many (synchronic and diachronic) patterns of phonological and phonetic variation. 
First, many kinds of variation that have been described by allophonic or low-level 
phonetic rules can be modeled as the automatic consequence of talking, in which 
overlapping gestures are produced concurrently. Second, additional kinds of variation 
can be modeled as consequences of two general principles governing the realization of 
gestures in casual speech: reduction and increase in overlap. For both of these types of 
variation, no explicit changes in the talker's representation of the items need to be 
assumed. In addition* for mar^ kinds of variation that caimot be modeled in this way. 
we can nevertheless establish a relationship between specific casual speech processes 
and the development (over ! .torical time) of parallel changes in the talker's 
representation of the gestural structures themselves (how this might occur is discussed 
below). Such changes to the gestural structures may either be limited to arify some of the 
envirormients in which a morpheme occurs, which wotild be a synchronic alternation 
that can be described by a gestural phonological rule, or the chuige may affect an item 
In all its envirormients. which would be an example of lexical change in a gestural 
structure. In this section, then, we will discuss patterns originating in the speech 
production mechanism. We will look first at reduction of individual gestures, and then 
at consequences of overlapping gesttires. noting different consequences for overlap 
when gestures employ the same or different sets of articulators. Each type of pattern 
will be exemplified in c jual speech, phonological aUemation. and historical (lexical) 
change. 

Brown (1977) discusses a class of weakenings, or lenttions. in casual speech in 
English, where typical examples involve stop consonants weakening to corresponding 
fricatives: "because" pronounced as (pxaz). "must be" pronounced as (mAsPi]. These 
changes are reducttans in the magnitude of individual stop gestures such that there is 
incomplete closure, and are an instance of the general tendency in some types of fast 
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speech to reduce the movement amplitude (e.g., Llndblom, 1983). Such reductions can 
occur as regular alternations and therefore be identified as phonological rules in non- 
casual speech. For example* Spanish voiced stops are pronounced as fricatives when 
they occur inteivocallcal^ dUcdcn Cdlctloni pronounced with (6] In la diccton: guerra 
(*wBf) pronounced with in Iagu£rra (Sloat et aL» 1978). And finalfy, such reductions 
may occur not Just as alternants but as the sole pronunciation of the word* thereby 
changing the constriction degree of the gesture in the lexical item. For example, Latin 
intervocalic /b/ is lenlted to a fricative in modem Romance languages, e.g., Latin 
habere fhavel, Italian auere, French avdr (Lass, 1984). 

We may inquire spedfkally how the artlculatory or acoustic output of a casual speech 
process (in this case reduction) can lead to more permanent or "regular^ changes in the 
gestural structures that underlie the articulatoiy movement. One possibility is that 
some speakers become attuned to particular instances of casual speech variation (e.g., 
reduction in the output magnitude of some gesture), and actually shift (sllghtty) the 
value of the constriction degree parameter (CD) for that gesture in that direction* In the 
stop/fricative cases noted above, reducing the CD of a stop gesture win increase the 
likelihood that casual speech processes will result in an output that would be 
categorized as a fricative as opposed to a stop. Ilie greater preponderance of fricative 
outputs could lead to a further reduction in CD, and, in general, to a systematic drift In 
this parameter value until a new stable value Is reached (the value for a fricative, in this 
case), and thus, an effective recategorlzation is achieved. Such stable values would 
coincide with the discrete parameter ranges discussed in section 2. 1. While appeals to 
drift have been made in other accoimts of sound change (e.g., the "allophone" drift of 
Hockett, 1965), the Interaction of this mechanism with the nature of gestural structure 
Increases the range of phenomena to which it may be relevant. In particular, drift may 
be found not only in the parameters of individual gestures, but also in their overlap, 
leading to a variety of different artlculatory and acoustic consequences. These 
consequences can be related to phonok)glcal processes. 

Gestural oueriap plays a large role in the foraiatlon of phonological patterns. (Indeed, 
it Is conceivable that gestural reduction is partly due to the overlap between vowels and 
consonants, with their opposite requirements for constriction degree.) The 
consequence of gestural overlap when two gestures involve the same pair of (oral) tract 
variables ^or, as described in Browman & Goldstein, 1987, they occupy tlie same 
artlculatory Uer) foUows automaUcally from the fact that both use the same 
articulators, leading to blending of the movements of the two. This kind of 
assimilation occurs In the following examples of casual speech (some ftt)m British 
EnglUh): eight things i^onounced as le-^t reiqzl; come from pronounced as (kAii|frOTil 
also; tftfs i/car pronounced as r 6i Jjio) (Brown, 1977; Catford. 1977). Such blendlngs may 
also occur in the canonical form of words, particularly because the initial consonant 
and vowel gestures of a pliable may overlap (Browman & Goldstein, 1987; Fowler, 
1983; Ohman, 1966). Such canonical blendlngs are traditionally described 
phonologlcally as instances of allophonic variation, e.g., between front and back /k/ in 
English— key vs. caw (Ladcfoged, 1982)— and can contribute to sound changes: (pre-)Old 
English ceap (presumed to begin with IkJ) becoming Modem English cheap, but Old 
EngUsh cuman (also presumed to begin with Ik)) becoming Modem English come 
(Arlotto, 1972). 

When overiapping gestures use different tract variables (and therrfor« different nets 
of articutators), they do not affect each other's movements but rather both contribute to 
the overall vocal tract shape, acoustic output, and perceptual response. One 
consequence of increasing the overlap between oral gestures from different artlculatory 
tiers (Le., using different tract variables) is (perceptual) assimilation. Various authors 
(Barry, 1985; Browman & Goldstein, 1987; Kohler. 1976) have presented artlculatory 
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evidence that alveolar articulations can occur (possibly reduced In magnitude) in 
assimilations such as "seven plus" pronounced as I ' sevn^pUs] (Browman & Goldstein, 
1987). In this example, the following labial gesture overlaps the ahrcolar gesture to such 
a d^ree that the alveolar gesture is cfTectlvely nudden* in the acousUc signal. In 
addition* the labial gesture also partially overlaps the vcllc lowering gesture. The result 
iS an apparent assimilation of the place of the nasal to the following consonant (from 
[n] to [mj)~an assimilation that Involves no change in the individual gestures, but 
simply Increased overlap among gestures. 

Another, more striking, consequence of increasing the overlap between gestures is 
the percept of deletion rather than assimilation. Apparent deleUons, which are 
common in s^ble-final position In fluent speech (Brown, 1977), can result fix>m two 
gestures, on different artlculatory tiers, sliding with respect to each other so that one 
gesture is effectively hidden. Artlculatory evidence for sliding has been observed in the 
utterances "perfect memory" pronounced as I'p^f^k'memori) and •nabbed most" 
pronoimced as ['naebmows] (Browman & Goldstein, 1987). In these utterances, all the 
gestures were present: the final alveolar closures in "perfect" and "nabbed" were 
observed in the movements of the tip of the tongue. However, because of the increased 
overlap between "perfect" and "memory" (and "nabbed" and "most"), these final 
areolar closures were acoustical^ hidden by the initial labial closures of the following 
word* resulting in an apparent deletion— acoustically and perceptually, but not 
articulatortly. 

In addition to the casual speech examples above. Increased overlap of gestures using 
different tract variables may also be the source of regular phonological alternations 
and lexical simplifications. In particular, we hypothesize that an oral gesture may be 
hidden an increasing proportion of the time through drift in the parameter(s) 
controlling intergestural phasing. Eventually, a regularly hidden gesture may be 
deleted from the gestural score, either in particular environments (leading to a 
^xK^hronic rule), or from the lexical entry entirely. Oral gesture deletion may occur 
regardless of whether, from a strictly segmental point of view, the perceptual 
consequences of the increased overlap are partial (Le., corresponding to casual speech 
assimilations) or total (l e., corresponding to apparent deletions) in nature. Examples 
of both types of gesture deletion can be found, where the likely source of the deletion is, 
in all cases, hiding due to Increased gestural overlap. 

An example of oral gesture deletion leading to assimilation involves the 
assimilation of nasals to the place of the following consonant. Such regular synchronic 
alternations occur commonty ^ languages of the world: e.g., Yoruba (an African 
language) [o mfb] lie is Jumping*, [o ^ to] *he is goingMo i| ke]lie is crying* (Bamgbose, 
1969, in Sagey, 1986). Nasal place assimilation can also be seen in lexical changes in 
English, for example in the change from Old French coT\forter to Modem English 
cotnfort (Arlotto, 1972). Oral gestural deletion of the total type may be seen in 
phonological rules that delete word-final consonants. For example in Lardil, an 
Australian language, all non-tongue tip consonants are deleted word-ftoally: (galu) 
Cstory*) vs. Iqaluk-inl Tstory* nonfuture suflbO (Kenstowlcz & Kisseberth, 1979). Word- 
final deletions may also occur in lexical simplifications, for example. Ancient Chinese 
/lap/ (lawl and /pat/ felghtl becoming Mandarin /fa/ and /pa/ (Arlotto, 1972). 

The hypotheslased association between increased overlap and oral gesture deletion 
can also be seen as underlying the inventory restrictions on the distinctive use of 
overlapping oral consonantal gestures noted in section 2.2.2. While units consisting of 
two oral obstruent gestures can arise from overlap, for example In Margi (Hofinrian, 
1963, in Sagey, 1986), it is clear that there is a strong tendency against such a 
phenomenon in languages of the world. 
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Finally, variation in overlap among a whole constellation of gestures can lead to a 
percept of segment tnsetHorL Several authors (e.g.. Anderson. 1976; Ohala. 1974) have 
analyzed the epenthetic stop in nasal-fricative sequences such as something SAmpOii)] 
and Samson V saempsdnl as arising from variation in the relative timing of the velic 
closure gesture and the oral closure gesture. In particular, if denasalization precedes the 
release of the closure gesture, then a short interval of oral closure will be produced. 
Such variation can lead to historical change, as in the Old English fymle becoming 
Modem English thimble. Note that in these cases, no gesture is ever added. Rather, the 
categorical historical change involves drift in the gestural organization to a different 
stable pattem of overlap. 

3.2 Other Types of Synchronic and Diachronic Patterns 

In the previous section, we discussed synchronic and diachronic patterns whose 
explanation required reference only to the mechanism of speech production, as 
indicated by their correspondence to casual speech patterns. In this section, we explore 
some ^nchronic and diachronic patterns that do not correspond to casual speech 
variation; that is. they carmot be complete!/ accounted for by the principles of gestural 
reduction and increase in overlap. A number d* these cases have t>een analyzed as being 
acousticalfy or perceptual^ based. Yet. as we will see. these factors do not appear to 
operate independent^ of the articulatory and gestural structures invohred. but rather 
interact with these structures to produce the change (or synchronic alternation). In 
particular, two additional principles are hypothesized to account for these cases: re- 
assignment of gestural parameters among temporally overl<»pping gestures (3.2.1) and 
misparsing of articulatory movements into their underlying discrete gestural regimes 
(3.2.2) • 

3.2.1 Reassignment of Gestural Attributes 

Tlie ability of listeners to recover the Intended gestmres from the "single aspect of the 
acoustic signal* (Uberman et al.. 1967. p. 455) that results from gestural overlap Is as 
important in its occasional failure as in its more fi^uent success. That is. while in the 
normal course of events, "listeners use coarUculatoiy information as information for 
the Influencing segment, and ... do not integrate it into their perceptual experience of 
the segment with which it co-occurs in time" (Fowler. 1984. p. 365). the failure of this 
ability can lead to changes in the lexical gestural structure (as has been prx>posed by 
C. .ala. 1981). Such a fiailure may be exemplified by the change from [x] to ^ in English 
words such as "cough" and "tough." whose vowels were diphthongs with rounded 
offglides at the ttane these changes took place. This sound change has typically been 
attributed solely to the acoustic similarity of labials and velars (e.g.. Jonasson. 1971). 
However. Pagliuca (1982) shows that most such lxl-(fl changes rxt not purely acoustic, 
but rather are conditioned by labial and velar articulations occurring in close 
proximity prior to the change. That is, in xnar^ cases the |xl-(fl change consists of a 
change in the overlap and constriction degree of the gestures, rather than the insertion 
of a completely new articulation. 

For the English examples like "cough" and "tough." PagUuca (1982) describes the 
change as due to "the gradual coarticulation of decaying x with the adjacent rounded 
diphthong" (p. 171). For words undergoing the Ixl-lfl change, the rounded diphthong 
apparently changed to an urm>unded monophthong at the same time that the (x) was 
changUig to (f) (Dobson. 1968. in PagUuca. 1982). In the gestural fr^ework, all these 
changes might result simply from an increase in overlap (drifting over time) between 
the second element of the diphthong (Jul) and the following velar fricative. Figure 4(a) 
shows the hypothesized gestural score before the change, for the VC portion of the word. 
Both (ol and [u] describe two gestures: a tongue body gesture (uvular rxarrow or velar 
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narrow, respectively), and a narrow bilabial gesture for rounding. Increasing overlap, 
as shown in Figure 4(b), would automatically shorten the preceding vowel from a 
diphthong to a monophthong. As shown in the figure, it would also mean that the llp- 
nmndlng festure for [u] co-occurred with the frlcation from the velar gesture. Only one 
additional step would then be needed: the attribution of the frlcation (presumably on 
the part of the listener) to the labial gesture rather than to the tongue body (velar) 
gesture. This re-asslgnmenc of the constriction degree parameter value appropriate for 
frlcation woiild result in a bilabial filcattve (and a velar gesture which subsequently is 
deleted), leaving the structure in 4(c). The monophthongal vowel also lowers at some 
point to [ol, and the bilabial fricative becomes [f], neither of which is shown in the 
figure. 

Ohala (1981) also argues for the importance of (partially) overlapping artictilations 
in historical change, although his emphasis is on the explanatory role of the listener 
i*ather than of articulatory overlap, per se. Kor example, Ohala (1981) attributes many 
examples of assimilation to the (mis)attnbutlon of some acoustic effect to the segment 
temporally coincident with the effect rather than to segments in the environment: 8th 
century Tibetan /nub/ "west' becoming /nu:/ but /lus/ 'body' becoming /ly:/ 
(Michallovsl^. 1975, in Ohala. 1981). In this example, Ohala proposes that, because of 
coarticulation« /lus/ Is audit(^ (lys], and therefore the lexical change to a front vowel 
In /ly:/ results from a re-assignment of ihe acoustic effects of the overlapping /s/ to the 
vowel articulation, as the /s/ is deleted. (An analysis along these same lines for similar 
changes in the history of Lisu is presented in Javkln, 1979). In gestural terms, the 
situation in Tibetan can be represented as in Figure 5. When the alveolar fricative 
gesture in (a) is deleted (in (b)), the constriction location of the tongue body gesture is 
recategorized as palatal, rather than velar, in order to account for effects that were 
originally due to the overlapping alveolar gi^ture. As Ohala notes, the acoustic effect on 
the vowel in [lys] (in (a)) need not result from an articulatory fronting of the tongue body 
itself— a partially overlapping tongue tip constriction will produce the same auditor}* 
effect as a fronted tongue body constriction. Tills is consistent with the analysis of 
overlap presented in section 3.1. That is, since the alveolar and vowel gestures are on 
separate tiers, they interact through the acoustic effect of the gesttires occurring 
simultaneously, rather than throu^ actual blending of constriction targets. Finally, 
note that the Increased length of the vowel in /ty:/ is also automatically accounted for 
by this analysis. As shown in the figure, the duration of the vowel gestures (tongue body 
and lips) are assumed to not change (fimn (a) to (b)), but the part of their duration that is 
hidden by the overlapping alveolar gesture at the earlier stage is imcovered when the 
alveolar is deleted. This type of explanation for "compensatory lengthening* 
phenomena was proposed by Fowler (1983). 

Thus, while acoustic and perceptu J factors are relevant in accounting for the 
changes described in this section, the overiapping of two gestures and their interaction 
are also crucial to the account. Note that these changes do not Involve adding 
articulations that «vere not there to begin with; rather they Involve changes In the 
parameten of gestures that are already present. 

3^ Gestural Mlsparslng 

Other examples of historical change appear to involve introduction of a gesture that 
was not present at an earlier stage. One such apparent example is the historical 
introduction of nasalized vowels in words without a nasal consonant in the 
errvlrormient: Sanskrit /sarpa/ Csnake*) becoming Hindi /sSp/, Sanskrit /ivSsa/ 
Cbreath*) becoming Hindi /sSs/ (Ohala & Amador, 1981). As analyzed by Ohala and 
Amador (1981), such "spontaneous** nasalization is acoustically and perceptually 
based. Tlie acoustic effects on the vowel of high air flow through the open glottis 
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Figure 4. Hypothesized gestural scores for three stages of sound change for English cough. Only the VC 
portion o* the word is sho%va. (a) is the earliest stage and (c) is the latest. 
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Figure 5. Hypothesized gestural scores before and after Tibetan sound change: /lus/ — /ly:/. 
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(especially for fricatives) are rc-lnterpreted by the listener as nasalization, leading to 
the introduction of a vellc opening gesture (in gestural terms). However, there Is an 
alternative (or perhaps complementaxy) articulately account suggested by Ignatius 
Mattingly (personal communication). In general, for oral constrtcUon gestures that are 
not nasalized, the associated velum height has been found to va^y directly with the 
gesture's constriction degree, decreasing In the series: obstruents— high vowels— low 
vowels (Bell-Berti, 1980). A relatively low velmn position Is found during non-nasallzed 
low vowels, even In a language (such as Hindi) that contrasts nasalization on low 
vowels (Henderson. 1984). Thus, In the normal production of utterances like /sa/, the 
velum will lower rapidly from the consonant to the vowel of this utterance. This rapid 
change in velum position may be misinterpreted by a listener (or by a child learning the 
language) as an explicit vellc lowering gesture. This account would be most plausible lu 
the case of low vowel nasalization (as in the cited Hindi examples), and to accept it, we 
would need to know how often such spontaneous nasalization is associated with low vs, 
high vowels. To summarize this proposal, if we hypothesize that the continuous 
artlciilatoty movement (velum lowering) associated with a word is parsed by the 
language learner into the discrete gestures (and organization) of the gestural scor:, then 
this case involves a mlsparsing: velum lowering is assigned to an explicit gesture. Note 
however, that m this view, the "new" added gesture is based on an articulation that is 
already present, rather than being "suddenly- introduced by listeners with no 
artlculatory basis. 

This kind of mlsparsing is very similar to that proposed by Ohala (1981) to account 
for various kinds of historical dissimilations. An acoustic (or articulately) effect is 
attributed to coarticulation with segments in the environment rather than to the 
segment itself. For example, in the case of pre-Shona /ku-nwa/ becoming Shona 
/kumya/ (Guthrie 1967-70 and Mkanganwi, 1972, in Ohala, 1981), Ohala proposes that 
listeners attribute the lablality of the /w/ to the preceding labial consonant, and 
therefore factor it out. leaving the velar component /y/. Ohala's anafysis translated 
into gestural terais is shown in Figure 6. In (a), the superimposed curve illustrates the 
waxing and waning of lip constriction (over time) that might be expected when the lips 
are under the control of the two successive lip gestures shown in the score. In (b) we see 
that roughly the same lip constriction curve would be expected even if there is only a 
bilabial closure gesture. As in the nasalization case above, we can view this change in 
terms of how the observed artlculatory movements are parsed into the gestures that 
could give rise to them. The pattern of lip movement is attributed to a single gesture 
rather than to a pair of overlapping Up gestures. In this case, the mlsparsing results in 
too few gestures (thus deleting one), while in the nasalization case, the misparsimj 
results in a additional gesture. 

A related pattern of labial dissimilation occurs synchronlcally in Cantonese As 
described by Yip (1988), labial dissimilation in Cantonese operates on both labial 
consonants and rounded vowels, that is, on gestures involving the lips, A co-occurrence 
restriction prevents more than a single gesture using the lips from occurring in the 
same syllable (except that a back rounded vowel may co-occur with a preceding, but not 
following, labial consonant). Moreover, this co-occurrence restriction is used 
productively in a Cantonese "secret language" called U-mi. As discussed in Yip (1988), 
this secret language uses a form of reduplication in which /CiV(C2)/ becomes 
/1V(C2) Cii(C2)/. e.g., /yat/-">/lat ylt/, /kel/->/lei kl/. However, /sap/ does aot 
become/lap sip/ but rather /lap sit/: similarly, /flm/ becomes /lim fin/. That is, the 
co-occurrence restriction includes the entire two syllables in this secret language, so 
that a final labial stop is replaced with an alveolar stop in order t.-) preserve the general 
restriction on labial gestures within a unit. Note that in this secret language, a 
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(a) /kumwa/ 
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narrow 



lips 




body 



(b) /kum ra/ 
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lips 
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nguit «. Hypothedzad gatunl scores before and after Shona sound change: /kumwa/ — /kumxa/. 
The curve superimposed on the bilabial gestures shows expected the degree of lip constriction over 
time resulting from these gestures. 
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distinctive gesture Is neither deleted nor added (as In eaiUer examples of this section), 
buf rather Is replaced by another oral gesture that uses a different set of articulators 
(l.e.. Is on a different tier). Moreover, the example shows that a dlsslmllatoiy pattem. 
once set up. can be extended beyond the original misparsed environments that 
presumably led to the change. 

3.3 Patterns Not Attributable to Gestures or Gestural Overlap 

Some phonological alternations are so complex as to not permit an adequate 
description using gestural principles (even with the acoustic and perceptual 
interactions described in the previous sections). Kenstowicz and Kisseberth (1979) 
describe a morphophonemic process in Chlmwi:ni (a Bantu language spoken in 
Somalia) that exemplifies the degree of complexity that languages can attain. The 
process invohres an interaction between the perfective suffix for verbs and the final 
consonant of the stem. The form of the perfective suffbc for veri>s either contains the 
voiceless lateral alveolar fricative li], or. if the stem-final consonant Is [s.z./.rl]. it 
contains a [z]. This appears to be a kind of assimilatoiy process. But the dass of (s^sJ.H) 
is not a natural class artlculatonly: while they are all central, and all use the front part 
of the tongue, other central toi^e tip consonants (Id), [n]) occu wi [i] rather than (z). 

The behavior of the stem-final consonant adds to the eye-glazing complexity of the 
perfective form. Stem-final consonants that are stops in the inftnitlve form generally 
correspond to the central ahreolar firicatives Is] and (z) in the pei ectlve form. That is. 
the oral gesture can use different artkulators in the two forms (for example. (p]/Is]). as 
well as having a different constriction degree (voicing is unchanged). However, [k] 
corresponds to [f] not [sj. thereby showing some slight hint of articulatory conditioning, 
either of the specific articulator or front/back constriction locatioa 

While the Chimwi:nl example displays a certain amount of articulatoiy patterning, it 
is not possible to provide a general statement of the patterns contributing to the 
alternations, even using highly abstract projections of gestur^ts (or their acoustic 
consequences). At some point in every language, the patterns bt^m to take on a life of 
their own. loosened from their articulatory and/or acoustic underpirmings. and 
pertiaps respecting other sets of principles (cf. i\nderson. 1981). Phonologists have 
attempted to describe these patterns (e.g. "crazy rules." Bach & Harms. 1972) as 
emerging from the interaction of a number of independent rules, each of which, by 
itself, can be simply understood. (Rule telescopy (Wang. 1969) and rale inverson 
(Vermemann, 1972] are examples of such interaction). 

In summary, we have attempted to show how lexical representations can be viewed as 
gestural structures, and to show that to view them thus contributes to an understanding 
of phonological inventories and processes. While other principles and sources of 
constraint are no doubt required to completely expUcate patterns in phonology, we 
have been surprised by Jie range of phenomena that can be handled with the relatively 
simple assumptions that we ire making: that phonological structures consist of 
temporally overlapping, dynamically defined /itural units, that the output of these 
structures may be ^ematically altered (in h^hly constrained ways) in casual speech, 
and that variations in output of these structures can lead (hlstorlcaJly) to changes in the 
values of gestural parameters— both through drift and through mechanisms such as re- 
a^isignment and misparsing. Indeed, several of the cases that we present in this paper 
were initially chosen by us to UlusUate - here the gestural approach would fail. Once 
the gestural analyses were made explicit, however, they were more insightful than even 
we expected. We suggest that it is interesting and important to see Just how much such 
simple structures and principles can contribute to understanding phonological 
patterns. 
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Initiation and maintenance of vibrations of the vocal folds require suitable conditions of 
adduction, longitudinal tension, and transglottal airflow. Thus, manipuladon of 
adduction/abduction, stoning/slackening, or degree of transglottal flow may, in principle, 
be used to determine the voicing status of a speech segment. This study explores the control 
of voicing and voicetessness in speech with particular rrference to the role of changes in the 
longitudinal tension of the vocal folds, as indicated by cricothy;roid (CT) muscle activity. 
Electromyographic recordings were made from the CT muscle in tm speakers cf American 
English and one speaker ofDutck The linguistic material consisted cfreiterant speech made 
up of Cy syllables where the consonants were voiced and voiceless stops,fncatives, and 
(^ricates. Comparison ofCT activity associated with the voiced and voiceless consonants 
indicated a higher level for the voiceless consonants than /or their voiced cognates. 
Measurements of the fiuidamental frequency (FO) at the beginning of a vowel following the 
consonant show the common pattern of higher FO afler voiceless consonants. For one 
subject, there was no tSfference in cricothyroid activity for voiced and voiceless creates; in 
this case, the consonant-induced variations in the FO cf the following vowel were also less 
robust. Consideration of timing relationships between the EMG curves for voiced and 
voiceless consonants suggests that the d^erences most likely reflect control cf vocal-fold 
tension for maintenance or suppression^ <fphonatory vibrations. The same mechanism also 
seems to contribute to the well-known d^erence in FO at the beginning of vowels following 
voiced and voiceless consonants. 

INTRODUCTION 

For sustained vibrations of the vocal folds to occur, some physiological and 
aerodynamic conditions must be met (cf. Stevens. 1977; Tltzc, 1980; van den Bcig, 1958). 
In the laxynx, the vocal folds must be adducted to a suitable degree and the longitudinal 
tension of the folds must be adjustc within an appropriate range. In addition, a 
transglottal air flowr is required. This flow is induced by a transglottal pressure drop 
and it in turn induces variations in pressure within the j^ottis, depending on the shape 
and configuration of the vocal folds. When conditions for phonation are met. these 
variations in pressure and the movements of the vocal folds that they cause interact 
with each other to produce sustained vibrations (cf. Htze. 1986). 
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Manipulation of the conditions that are necessary for vibrations to occur can, in 
principle, also be used control the cessation of voicing during periods of 
volcelessness in speech. Thus adduction/abduction and stififening/slackening of the 
vocal folds and facilitation/inhibition of transglottal flow are all potential 
mechanisms for determining the voicing status of a speech segment. The roles of 
adduction/abduction and facilitation/inhibition of air-flow are relaUvely well 
understood. However, there is no general agreement whether control of longitudinal 
tension of the folds is actual used to control voicing status. The present work is aimed 
at clarifying the role of this potential mechanism. 

Vocal*fold abduction is the mechanism most often associated with volcelessness in 
speech. The glottal abduction gesture is phased with respect to oral articulaUons to 
produce contrasts of aspiration, and its amplitude and duration also vary with 
consonant type (e.g., Lfifqvist, 1980; LOfqvlst & McGarr, 1987: LOfqyist & Yoshioka, 
1980, 1984). However, glottal abduction in itself may not always be sufllcient for 
preventing laryngeal vibrations. 

Glottal abduction during speech production is usually combined with a decrease of 
the air flow through the glottis due to a supraglottal constriction. For voiceless stop 
consonants, there is a build*up of oral air pressure behind the supraglottal occlusion 
and the pressure drop across the glottis is thus decreased. The glottal vibrations cease as 
the tracisglottal flow decreases and the glottal opening increases (cf. Hirose & NUml, 
1987; Yoshioka. 1984). Venting the vocal tract during the period of stop closure, thus 
restoring the transglottal flow, may sometimes result in glottal vibrations (Perkell, 
1976; Vencov, 1968). For voiceless fricatives, where tii^ supraglottal constriction is 
incomplete, tnere Is greater airflow than for stops, but the decrease in transglottal 
pressure drop in combination with the glottal abduction gesture may cause cessation of 
glottal vibrations. On the other hand, for the laryngeal fricative /h/, an abduction 
gesture is often found but the vibrations still continue; in this case, no supraglottal 
constriction is made and the transglottal flow continues uninterruptedly. Thus, the 
laryngeal abduction gesture may not in itself arrest glottal vibrations but may do so 
only in combination with aerodynamic factors (cf. Yoshioka, 1981). The Interaction 
between glottal abduction and aerodynamic factors results in a subtle difference 
between the voicing offsets of voiceless stops and fricatives. Vibrations generally end at 
a larger glottal opening for fricatives than for steps (Hirose & Niimi, 1987). This fact 
could be related to the different aerocfynamic conditions prevailing at the onset of stop 
closure and fricative constriction, respectively. In the former case, the vocal tract is 
completely sealed off, and the air flow through the glottis decreases abruptly. For 
fricatives, on the other hand, transglottal flow continues throughout the period of oral 
constriction even though the oral pressure is increased behind the constriction. Even 
during stop occlusion, aerodynamic facton may be used to facilitate or inhibit glottal 
airflow, thus contributing to the vol distinction. This is accomplished through 
control of supraglottal volume. Active passive expansion of the vocal tract facilitates 
voicing while tensing it or actively constricting it Inhibits voicing (cf. Bell-Bertl, 1975; 
MirUOe, Abbs, T&riow, & Kwateraki, 1974; Westbuxy, 1983). 

Muscular control of the abduction gesture for devoiclng involves suppression of 
activity in the interarytenuid. lateral cricoarytenoid, and thyroarytenoid muscles, ^nd 
activation of the posterior cricoarytenoid. In comparison, for (unaspirated) voiceJ 
consonani;s, there may be some suppression of the adductors, but the posterior 
cricoarytenoid is not active. 

While glottal abduction is the laryngeal gesture commonly associated with an airest 
of glottal vibrations, its opposite, increased glottal adduction, can also be used for the 
same purpose. In this case, a tight closure is produced, preventing transglottal flow. 
Such an acUuatment occure for glottal stops and also for voiceless elective and 
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Ingressive consonants (cf. Pre Woldu. 1985; Hlrose & Gay. 1973). Electronic ojjraphlc 
recordings of intrinsic laryngeal muscles suggest that the thyroarytenoid muscle Is 
active In this case, adductlng the folds and increasing the tension of their bodies. 

While changes In glottal abduction/ adduction and transglottal flow are certainly 
used for arresting glottal vibrations, it is more uncertain if the remaining possible 
mechanism— Increased longitudinal tension— is used in speech for the same purpose. 
This mechanism was suggested by Halle and Stevens (1971) on theoretical grounds, but 
the evidence supporting it has been equivocal. 

Physiological studies have shown that the cricothyroid muscle is most consistently 
associated with changes In the longitudinal tension of the vocal folds. This muscle 
controls the length and tension of the vocal folds by rotating the cricoid and thyroid 
cartilages relative to each other (e.g.. Sonesson. 1982). Changes In vocal-fold tension 
result in changes of fundamental frequency during phonation. and thus cricothyroid 
muscle activity is highly correlated with fundamental frequency. 

Another musde that could also be involved In the control of the tension of the vocal 
folds is the vocalis muscle. EMG recordings from the vocalls indicate that it Is active for 
both adduction of the vocal folds and changes in tension (cf. LOfqvlst. McGarr. & Honda. 
1984); in particular, it adjusts the relative tensions of the vocal fold body and cover. 
Although the experlxrental evidence is unclear, the vocalls most often shows educed 
activity for voiceless consonants. 

While the experimental results are conflicting, some EMG studies have suggested that 
the activity of the cricothyroid muscle is higher for voiceless than for voiced 
consonants. Dixit and MacNellage (1980) reported that the cricothyroid was more 
active during voiceless than during voiced stops, fricatives, and aflricates in Hindi. 
LOfqvlst. et al. (1984) showed that the cricothyroid was more acUve Just beCore the 
beginning of the oral closure/constriction for voiceless as opposed to voiced 
consonants in Swedish. Other studies reviewed by Sawashlma and Hlrose (1983) also 
suggest a similar difference. However. Hirost and Ushijlma (1978) suggested that these 
observed differences In CT level could have been associated with differences in the 
intonation patterns for the utterances invohred. Several other ln\estlgators report no 
difference In the CT activity level associated with voiced-unvoiced pairs (e.g.. Collier. 
Llsker. Hlrose. & Ushijlma. 1979; Kagaya & Hlrose. 1975). If such a relative Increase In 
cricothyroid activity for voiceless consonants occurs, it could be related to the well- 
known higher fundamental frequency of a vowel following a voiceless consonant as 
compared to a vowel following a voiced consonant (e.g.. Hombert. Ohala. & Ewan. 1979- 
House & Fairbanks. 1953; Uhiste & Peterson. 1961; Ohde. 1984). Hiis phenomenon 
served as the impetus for hypothesizing a role for laryngeal tension in tlie voicing 
distinction. However, the lack of experimental evidence showing a systematic 
difference In CT activity has led Investigators to seek alternate explanations for this 
phenomenon, such as artlculatory and aerodynamic explanations. 

There is thus conflicting evidence concerning the role of variations in the 
longitudinal tension of the vocal folds in the control of voicdessness. The present s^udy 
was therefore designed to Investigate further the activity of the cricothyroid muscle In 
vokslng control uslr* eiectrontyographic techniques. 



I. METHODS 



Electromyographic recordings were obtained from the cricothyroid muscle in three 
subject*. Two of the subjects, one male fTB) and one female (NSM). were native speakers 
of American English; the third subject (LB), was a male native speaker of Dutch. 
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The linguistic material consisted of rciterant speech modeled after the sentence The 
man went to market/ (The underline indicates main lexical stress). Diflfercnt CV 
syllables* drawn from 16 consonants and 3 vowels, were reiterated to form 48 different 
utterance types. The voweb used for the rciterant syllables were /i a u/ and the 
consonants were voiced and voiceless stops (/p b t k g/), fricatives (/f v e Q s z J 3/), 
and affilcates (/tf ds/). Only stops and fricatives were used for the Dutch subject. For the 
analysis of voicing contrasts, we used the consonant occurring In the syllable caiiylng 
the sentence stress in the utterance, that is, the second syllable in the sentence. Five to 
ten repetitions of each utterance type were obtained. 

Hooked-wire electrodes were inserted percutaneously under topical anesthesia of the 
skin. Verification of electrode position was made by having the subject perform selected 
speech and nonspetoh gestures, such as pitch changes, vocal attacks. Jaw movements, 
and swallowing. Placement into the CT was verified by showing activity correlated with 
FO but not with adduction, abduction, or Jaw opening, and a characteristic pattern of 
activation and suppression during swallow. After amplification and high-pass filtering 
at 80 Hz, the signals were recorded on an FM tape recorder together with the speech 
signal. For averaging, the signals were full-wave rectified, integrated over a 5-ms 
window* then sampled and digitized, resulting in a computer sampling rate of 200 Hz. In 
the averaging process, the signals were aligned with reference to a predetermined, 
acoustically defined line-up point, and also further smoothed using a 35-ms triangular 
window. Tlie line-up point for firlcatives and affricates was the apparent end of 
frication. The line-up point for stops was the release burst. This point was chosen 
because it clearly marks the end of the period in which differing activity would be 
expected, if it were associated with the voicing distinction. Alternatively., we could have 
chosen the point of stop closure or onset of fricatioa However, in the present study, we 
have chosen to "^'.jcentrate more on the CV rather than the VC Junction. 

In order to obtain a single numerical value for the level of cricothyroid activity, the 
area under the EMG curve for each token was calctQated during a short time window. 
This window was chosen so as to cover the period of consonant occlusion and part of the 
preceding vowel; its end alw^ coincided with the line-up point. Tlie duration of the 
window was chosen individually for each subject and consonant type based on acoustic 
measurements. Typical values were 125 ms for stops, 175 ms for filcatives, and 150 ms 
for affricates. The position of the window was based on theoretical and empirical 
considerations. If an increase in the tension of the vocal folds is used to suppress glottal 
vibrations, the neuromuscular events ought to occur withm this window. They would be 
e3q)ected to begin near the transition from the voiced vowel to the voiceless consonant. 
This is also the point at which Ldfqvist et al. (1984) found an Increase in cricothjrroid 
activity for voiceless consonants. 

Measurements were also made of the fundamental frequency at the begliming of the 
vowel following the consonant. For this, the duration of the first 10 pitch periods of 
each token were measured Interactively on a computer. To keep the measurement task 
manageable, these measurements were only made for utterances containing the vowel 
/a/. 

II. RESULTS 
A. Electromyography 

The averaged electromyographic curves for each of the three subjects are shown in 
Figures 1-3; in these averages, the utterances contaixUng different vowels have been 
pooled, since there were no systematic differences across vowels. For the present 
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analysis and display purposes, data have also been pooled across place of articulation 
for the stops and fricatives. Average audio amplitude envelopes are also shown in 
Figures 1-3. The audio envelope curves provide a rough indication of consonant/vowel 
boundaries, though it must be remembered that the tokens contributing to these 
averages displayed a range of temporal characteristics so that alignment of segment 
boundaries is imprecise except near the line-up point. 
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Figure 1. Average EMG and audio signals for subject TB. (n = 47 for the stops and fricatives, and 15 for 
the affricates.) , . w 



The plots of CT activity shown in Figures 1-3 aU share a common feature. In the left 
half of each figure, covering a period associated with the preceding vowel, the 
transition, and the consonant occlusion, the curves for voiced and voiceless 
consonants begin at the same level, diverge from each other with the voiceless one 
showing higher activity, and then" reconveige in the vicinity of the line-up point. 
OualitaUvely. where the curves have separated, they are clearly at visually dlstlncr 
levels in all cases, except, perhaps, for the affricates of subject TB. shown in Figure 1. 
The divergence of the two curves is due mostly to an Increase of activity for the voiceless 
consonants: activity for the voiced consonants remains roughly constant, increasing 
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later, so that when the cums reconveigc at the consonant release, they are at a higher 
level' than for the preceding vowel, In accordance with the stress pattern of the 
utterance. The curves also appear to diverge to the right halves of each figure, for the 
followtog consonant, althou^^ the timing is more variable. 
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Figuit 2. Average EMC and audio signals for subject NSM. (n » 89 for the stops, 120 for the fricatives, 
and 28 for the affricates.) 



It 18 useful to consider the tlmtog relationships ui somewhat greater detail. For 
example, we consider the timing demonstrated In the top panel 6[ Figure 1. which shows 
the data for stq)8 for subject TB. The audio envelope curves todicate that timing was 
similar for the voiced and voiceless consonants, since the curves follow f bout the same 
course except during the period associated with aspiration ^or the voiceless cor^nants. 
The EMO levels axe the same durtog the nucleus of the preceding vowel, but the curves 
begto to diverge shortly before the rapid descent of the audio envelope, which indicates 
the beginning of the transition period. The difference between the two EMG curves 
reaches its maximum about when the audio envelope curves approach the baseline, the 
point at which stop closure has been achieved for almost all tokens. The ctuves then 
approach each other again, meeting shortly after the line-up point; they are at 
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essentlalljr the same level through the following vowel, dlveiglng again a^ the audio 
envelope begins its descent for the following consonant. 

For £rlcatives, shown in the middle panel, . a similar pattern is observed, although the 
pattern is a little less dear because the voiceless fricatives have longer durations than 
their voiced counterparts. Here the EMG curves begin at the same level, during the 
preceding vowei. The curve for the voiceless consonant begins to increase aknost 
Immediately, however, shortly before the corresponding audio envelope begins Its rapid 
descent. The maximum difference occurs when the audio envelope for the voiceless 
i^cative nears its minimum, and the curves converge again, this time somewhat before 
the lineup point rather than after it as in the upper panel. The curves diverge again from 
each other in the right half of the figure, at about the same place within the cycle for the 
voiceless consonants (l.e., at about the lead before the rapid dec cent of the audio 
envelope). 
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Figure 3. / verage EMG and audio signals for subject LB. (n - 45 for the stops and 29 for the fricaHves.) 



All the curves for the other two subjects, shown in Figures 2 and 3. exhibit 
quaUtattvely the same type of behavior as Figure 1. The EMG curves dlveige roughly 
where the audio envelope for the voiceless consonant begins its rapid descent. The 
maximum difference between the two EMG curves occurs around occlusion for the 
voiceless consonant (althoxigh not so closely for the fricatives and affricates for subject 
NSM in Figure 2). and the curves converge again In the vicinity of the lineup point. 
Subject NSM also differs somewhat from the other subjects in the right halves of the 
plots, in that the curves for voiced and voiceless consonants separate much earUer. 
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during the vowd In the preceding (stressed) syllable. The results for subject LB in Figure 
3 show the same timing of CT activity as those for subject TB in Figure 1. 

The difference in the EMG curves was tested quantitatively using the Integrated *area 
imder the curve** measure, described in Methods. Figoxt < shows the int^rated value of 
cricothyroid activity averaged over all tokens for each condition. Standard deviations 
are also indicated. In all cases except one. the affricates for subject TB, the difference 
between the voiced and voiceless consonants i3 highly significant (p < 0.001). For the 
affricates of subject TB. the difference was not statistically significant ((29 » 0.43. 
p>0.5). 
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Figurt 4. Mean and standard deviation of cricothyroid activity level. **^mp< 0.001. 

The audio envelopes in Figures 1-3 suggest that the vocal folds were vibrating for the 
voiced consonants produced by subjects NSM and LB. On the other hand, the voiced 
stops for subject TB in Figure 1 would seem to have been produced at least partly 
devolced. This can be deduced from the amplitude of the audio envelope during stop 
clostire. which is almost similar for the voiced and voiceless cognates. The vibrations 
seem to stop during the later part of the oral closure for the voiced stops. 
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B, Fundamental Frequency 

Tlie measurements of ftindamental frequency at the beginning of Uie vowel following 
the consonant are shown In Plgiires 5-7 for the stops and fricatives for the three 
subjects and in Figure 8 for the affhcates. As ocpected. the FO at this point of the vowel 
is higher after a voiceless consonant. In this voiceless context, the fundamental 
frequency generally starts at a high level and drops during the first periods. In the 
voiced context* FO at the onset of the vowel is lower and may remain at the same level, 
rise, or even fall slightly. The difference in FO foUowlng voiced and voiceless 
consonants was in most cases highly significant for all the ten periods measured. The 
only exception to this general trend consisted of the affricates for subject TB in Figure 8. 
Here» the difference disappeared at pitch period number 7 [t^^ 3I.26, p > 0. 1) and also for 
the preceding pitch periods the difference was less robust. Recall that for this speaker 
the difference in cricothyroid activity between the voiced and voiceless affricates was 
not significant cf. Figures 1 and 4. 
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Figure 5. Mean and standard deviation of FO during the first ten pitch periods of the vowel following 
stops and fricatives for subject TB.(n« 15.) * 
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Figure 6. Mean and standard deviation of FO d ring the first ten pitch periods of the vowel following 
stops and fricatives for subject NSM. (n « 15.) 
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Figuit Mean and standard deviation of FO during the flrst ten pitch periods of the vowel following 
9toy$ and fricatives for subject LB. (n > 15 lad 10.) 
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Overall, the consonant induced variations in FO appear to be less robust following 
afl&lcates, cf. Figure 8. As already noted, the difference disappeared at pitch period 
number 7 for subject TB. For subject NSM, the difference was highty significant for the 
first 6 pitch periods and significant for periods 7 through 10. It is evident, however, that 
for this subject, NSM, the absolute difference in Hz at the tenth period after the 
affricates is much smaller than at the same period following the stops and fricatives in 
Figure S. Furthermore, given the higher FO of subject NSM, her tenth pitch period 
occurs approximately at the same point in time after vowel onset at pitch period 
number 7 of subject TB. 
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Figur.« 8. Mean and standard deviation of FO during the first ten pitch periods of the vowel following 
affricates for subjects NSM and TB.(n- 10 and 15, respectively.) « toiiowmg 

Thv relaUonahlp between the activity of the cricothyroid muscle during the 
n?"^1*^* fundamental frequency at the beginning of the foUowlng vowel Is 

mustiated to Figure 9. -nils figure plots the average levels of the cricothyroid (cf. Figure 
I S*^** ™ °^ following vowel: the vrlue of FO represents the mean 

of the first three pitch periods. A positive rfelatlonshlp is found with Pearson product 
res^Xely'" " coefllcients of .64. .85. and .92 for subjects TB. NSM. and LB. 
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Figure 9. Plot of cricothyroid activity level versus FO at the beginning of the folic ii»g vowel. 

ni. DISCUSSION 

The results of the present study show that the cricothyroid muscle increases its 
activity for voiceless consonants for all three subjects. This activity would act to 
Increase the longitudinal tension of the cover of the vocal folds and should contribute 
to the Inhibition of ^ottal vibrations. This was found for speakers of two languages 
with different stop systems. In both American English and Dutch, the stops are either 
voiced or voiceless. However, the Dutch voiceless stops are unasplrated with a VOT of 
about 10-15 ms In the present study while the American English voiceless stops are 
aspirated with a VOT of 60-80 ms (cf. Usker & Abramson, 1964). 

The present measurements of fimdamental frequency at the beginning of the vowel 
following the voiced and voiceless consonants are In good agreement with published 
results (cf. Ohde, 1984; Slhrerman, 1986). That is. Ft) is higher after a voiceless than 
after a voiced consonant irrespective of the manner of production, that Is, stop, 
fricative, or aOhcate. This is true also for the Dutch data In Figure 7 where the voiceless 
stops are unasplrated; this has also been shown for French stops where the voiceless 
series Is uxiaspirated (Flscher-JOrgensen, 1972). Similarly, Ohde (1984) found that the 
FO of a vowel was similar if the preceding consonant was a voiceless aspirated or 
unasplrated stop. Thus, it appears that the conditioning factor for the FO difference is 
voicing anu not aspiration. This conclusion Is further strengthened by the fact that 
studies of FO after voiceless aspirated and unasplrated stops have shown conflicting 
results where Interspeaker and Interlanguage differences seem to occur to a great extent 
(cf. Candour, 1974; Hombert & Ladefoged, 1977; Jeel, 1975; Kagaya, 1974; Kagaya & 
Hlrose, 1975; Zee, 1980). Presumabfy, aerodynamic factors are also invohxd. However, 
the results presented by Hutters (1984, 1985) suggest that the cricothyroid nas a higher 
level of activity In Danish aspirated than unasplrated stops. 
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If there is thus a distinct difference In the lev?l of FO after voiced and voiceless 
consonants, the patten; of pitch change at the beginning of the vowel may differ. After 
voiceless consonants, FO generally drops, although this is not clear for the vowels 
following stop consonants for subject NSM, cf. Figure 6, or for those following 
affricates for subject TB, cf. Figure 8. After voiced consonants, the fundamental 
frequency may either rloc, fall, or stay level; all these three patterns can be foimd in 
Figures 5-8. Ttx FO change at the banning of the vowel thus aepends not only on the 
preceding consonant but also on the overall intonation pattern of the utterance (cf. 
Silvennan« 1986). 

We thus aigue that an increased longitudinal tension of the vocal folds is associated 
with volcelessness. The difference in tension between voiced and voiceless consonants 
is still manffest at the beginning of a following vowel thus accounting for the 
commonly found consonant-induced variations in FO, o. Figure 9 that shows a positive 
correlation between the cricothyroid actmty during the consonant and the FO level at 
the beginning of the following vowel. According to the present results, there is no dear 
difference in cricothyroid activity during the vowel following the consonant, tf 
variations in cricothyroid activity are associated with the voicing distinction, they 
should occur at the transition between the vowd and the consonant, given the fact that 
the electrophysiological events lead the resulting mechanical effects with the latency 
depending on the contraction and relaxation time of the muscle, tf CT activity were 
meant only to control FO and not to contribute to devoicing, it might be expected to be 
initiated later relative to stop closure and fricative constriction. Although some^vhat 
confficting, studies by Baer (1981) and by Larson and Kcmpster (1985) of slngl ^or 
units in the human cricothyroid muscle and by Atktofiion (1978) of the 
interference pattern during utterances with various intonation patterns indicate that 
the effective contraction time (ictuafly the latency between EMC and the onset of pitch 
increase) is in the range of 20-80 ms, and relaxation times are somewhat longer than 
contraction times. The present results would also rationalize why the voicing status of 
a consonant appears jio pffect the fundamental frequency of a preceding vowel, 
independently from the praacoic structure of the utterance, to a lesser extert than it 
affects the following vowel. 

While we would ihu% suggest that the well-atteatco rv difference between vowels 
following voiced and unvoiced consonants is d-;.^ to a change in vocal fold tension 
caused by the cricothyroid muscle, it is obviou.^ that other factors may also be lni*ohred. 
As reviewed by Hombert et al. (1979) thcic factors may Include aerodynamic effects 
during stop closure and relense and changes in the vertical position of the larynx that 
can affect the tension of \ocal-fold tissues. While we have concentrated on the 
cricottiyrold muscle, our reading of the Ute^^ture suggests that the other adductor 
muscles of the laiynx are suppressed for voiceless consonants: thus the body of the folds 
would be relaxed as the activity of the vocalls muscle decreases for voiceless 
consonants. 

Kingston (1986) has suggested an alternate explanation for the consonant-voicing 
pitch effect. Analysis in dlffe^^ut languages suggests that the pitch effect consistenUy 
accompanies the phonological voicing distinction, regardless of whether or not the 
vocal folds are actually vibrating. He suggests, then, that the pitch in the neighborhood 
of obstruents be controlled IndependenUy as a cue to phonological voicing, rather 
than being a ly-product of the gestures that control vibrations of tiie vocal folds and 
presence of aspirarion. Although the present experiment did not spec:ftcalhr address 
this hypothesis, we would argue that the timing of increased CT activity for the 
volMless consonants suggests that it is related to devoicing rather than to pitch contitDl- 
if CT activity was only related FO control, the increase in activity should occur closer 
to the onset of the vowel fcUcwlng the consonant. Furthermore, the perceptual 
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effectiveness of these FO variations In cueing consonant voicing appears to be debatable 
(cf. Abraznson & Usker, 1985; Silvennan, 1986). 

Perhaps the most compelling evidence In favor of the line of reasoning that we have 
presented here Is the finding for the affricates of subject TB. In this case, there is no 
significant difference in cricothyroid activity between the voiced and unvoiced 
cognates. Nor is the FO difference in the following vowel clear-cut and robust in the 
context of the affricates. Taken together, these results, together with a review of the 
literature, suggest that control of laryngeal tension by means of the cricothjrroid 
muscle is a mechanism that taay be used to supplement abduction and reduction of 
transglottal flow as devoiclng mechanisms. Though it is evidently not an essential 
component of the mechanism, there is converging evidence that it is used frequently, at 
least in prestressed position. The EMG curves suggest that the CT is also used to 
contribute to consonant devoiclng in unstressed syllables, but further analyses are 
required to determine whether the timing relationships are similar to those for 
stressed syllables. 
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Growth of Surface Waves with 
Application to the Mucosal Wave 
of the Vocal Folds 



R. S. McGowan 



The ittttiation of surface wooes over a layered structure is discussed. The analysis 
is done on a plane layered structur,; consisting of flomng air, epithelium, Reinke's 
space, and muscle. Only after the problem is solved for the homogeneous planar 
structure is a length scale imposed to determine a preferred wavelength, and the 
conditions for instability derived. Although the layered structure is a highly 
idealized version of the vocaJ folds, this analysis illuminates one type of 
instability allowing for the initiaHon of the mucosal wave. This same linear 
analysis can help us understand some of the dynamics of vibration during various 
parts 0^ the glottal cycle. The method used is similar to that found in the linear 
analysis of flutter of aircraft panels. 

INTRODUCTION 

The analysis perfonned here takes the mucosal surface wave observed during 
phonatlon to be a surface wave of a solid, elastic epitheUum. The initiation of surface 
waves on solid or fluid surfaces over which air is flowing is analyzed in many places in 
the physics and engtaeerlng literature. The simplest of this type of anafysis is a linear 
one done on layered structures when the boundaries between the layers are planar. The 
layers are supposed to be in seme initial conflguration. for example, with air at some 
speed flowing over an elastic surface. A time dependent disturbance is added to the 
operating point, the equations of motion In each layer are linearized with respect to the 
disturbance, and then sohred with boundary conditions between the layers enforced. 
Because the disturbance is assumed small the linearized equations are supposed 
adequate to describe the physics weU initially, if the disturbance is found to grow in 
time the qrstem is unstable and a surface wave can be expected to result. 

R^ld^ performed linearized planar analyses to study the stability of Jets (Ray'elgh. 
1945). The layers he used were slabs of air moving at dilTerent speeds. Lamb. In his 
monograph on hydrodynamics, shows how linear analysis might apply to the 
initiation of wind waves over water (Lamb. 1945). Miles has discussed the instability in 
connection with wind waves over water and oU (Miles. 1959). Engineers have studied 
linear stability in the context of flutter of aircraft panels during flight (MUes. 1956) 
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These latter studies are the most relevant to vocal fold vibration. The analysis here 
closely parallels the analysis of flutter performed by Miles (1956). 

The Initiation of the mucosal wave Is considered when the vocal folds are assumed to 
have a planar, layered structure (Figure 1). The layers are based on Hirano's description 
of the layered structure of the vocal folds. (Hirano 1981, Hirano et al., 1983). The layers 
going firom the midline of the glottis are air, epithelium, Reinke's space, and the deep 
layer of ligament and muscle. The variations noraial to the coronal plane are not 
considered. Each of these layers has bulk mechanical parameters associated with it, 
such as density, elasticity, temperature, and so on. It is hoped that from this 
idealization and with some known values of the mechanical parameters that some 
aspects of mucosal wave growth can be understood. 




Figure !• Layered structuie of the folds. (The layers are understood to extend along the x-axis to inHnity.) 

Hie idea of using a layered structure to model the meciianical properties of the folds 
is similar to Tltze's approach to modeling the vibration of the vocal folds fntze, 1988; 
Tltze & Strong, 1975: Tltze & TaUdn, 1979). An important difference is that a complete 
model along the lines of Titze's is not proposed here. This note is only intended to 
explore the initiation of the mucosal wave from a layered structure point of view. To 
this end, the ana^sis here takes a detailed view of the outer layers, with epithelium and 
Reinke's space treated as separate layers instead of then being grouped into a single 
mucosal layer. 

Before going on to develop the equations, some limitations of the analysis should be 
noted. This analysis* initially, does not take account of the inhomogeneity of 
conditions that really do prevail in each of the layers. For instance, the speed of the air 
Increases substantially through the glottal constriction, which means that there is a 
naairal length scale associated with the flow of the air— the vertical length of maximum 
glottal constrictioa Further, the layers of the folds are inhomogeneous in the vertical 
direction. Only the portion of the squamous epithelium covering Reinke's space will be 
considered capable of supporting waves. This suggests the vertical length of Reinke's 
space as another length scale. We will assume that the maximum glottal constriction 
length is shorter than the length of Reinke's space. It will be seen that the greater the air 
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flow and the longer the surface wavelength, the more likely that instability res^ilts. 
fThe shorter wavelength disturbances arc more stable because the bending stiffness 
increases as the fourth power of wavenumber.) As a result, a surface wave is most likely 
to appear in the glottal constriction with a ftindamental wavelength equal to twice the 
constriction length. (The bulge created in the epithelium will have the glottal 
constriction length as its length scale, so that the fundamental wavelength of this bulge 
will be twice the glottal constriction length.) So, while the analysis is initially done on 
an infinite layered structure, a length scale is imposed later to choose a wavelength to 
calculate stability regimes. Althou^ not completely consistent, this type of analysis is 
common and does give us insight to the physical mechanisms responsible for surface 
wave initiation. Also, the viscous shear stress is neglected in this analysis. 

Hie analysis pcrfomied iierc is a linear analysis, where the equations of motion have 
been linearized about some assumed initial configuration. If we are willing to make the 
quasi-steady approximation, the same analysis can be used to describe the dynamics of 
the vocal fold vibration, iccally, in different parts of the glotial cycle. 

ANALYSIS 

A linear stability anafysls is applied to the idealized model about an operating point. 
Hie operating point to be considered includes unifonn airflow at speed U, much less 
than the speed of sound, Bq. The density of air is p, and the viscosity of the air is 
neglected. Hie epitheUum is supposed to be unr' tension T per imit. breadth (dimension 
into the paper in Figure 1), and have bending stiffness, D, per unit breadth. The 
epitheUum is presumed thin compared to any disturbance wavelength, and it has mass 
per unit area, m. Relnkc's space consists of an incompressible fluid of density, p, and 
viscosity is n^ected here. The muscle is immovable. This later condition can be made 
a little more realistic with a general impedance boundary condition. Given this 
operating point, the linea : equations of motion for a small disturbance can be written. 

With the neglect o. viscosity, the velocity field of a small disturbance In the air can be 
described with a velocity potential, 0,, that satisfies the convected wave equation, 

where 

Dt at dx ■ 

If C denotes the Inwrard deflection of the epitheUum from rest position z = 0. (position 
when there is no pressure dUTerence across the epitheUum). then the equation of 
motion is, 

(2) 

where 

Ap«pb|»o.p|»^ 

Pi ■ pressure of the air, 

p ■ pressure In Relnke's space. 
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Because the fluid of Reinke's space is assumed to be invlscid and incompressible. 
3mall disturbances in this layer can be described by a velocity potential satisfying. 

V^<1> = 0 (3) 

The boundary conditions help to determine how the disturbances In each layer 
interact with one another. Because there is no flow across the midline of the channel. 




Similarly, the muscle is assumed to be immovable, so. 




(5) 



At the epithelium, the velocity at the surface i& continuous. 



(6) 
and 



dt dz 



U (7) 



The smallness of the disturbance in comparison with the wavelength of the disturbance 
was used to linearize these boundary conditions, at the plane of eqtillibnum z s o. (A 
Taylor series expansion is used to write the boundary conditions on the physical 
surface at the z s 0 plane. Linearization allows all but the first term of the series to be 
n^ected.) 

Flnalhr, t>.e relationships between the pressures and velocity potentials are given by 
linearized Bernoulli's relations. 

and 

d<|> 

dt (9) 
The set of equations ( 1) through (9) fomis a closed set. 
To ttud a solution to the above set of equations, assume, 

C»(i)exp(ik(ct.x)) (10) 
where k is the wavenumber and c is the phase speed. 
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Because of the boundary condiUons equation (6) and equaUon (7), the velocity 
potentials must be of the form, 



c^ = <^(z)cxp(ik(ct-x)) 
and 

<j) = <|)(z)exp(ik(ct-x)) 

Substituting equaUon (11) into equation (1) gives. 



d22 



a8 . 



<^=o 



The solution Is. 



(11) 



(12) 



(13) 



(14) 

where 

and ic constants A' and B' are determined by the boundary conditions. Applying 
equaUon (4) to the soluUon equaUon (l4) gives. 



(15) 



In a similar way. subsUtutlng equaUca (12) into equation (3). and using the boundary 
condlUon expressed In equaUon (5) gives. 



<j) = B(e2kh.ekz+e-kz) 

Combining equaUon (6) with equaUon (8) and (7) with equation (9) gives. 
3zU ^*D^ 



and 



(16) 



(17) 



(18) 
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Impedances at the epithelium can be found by using equations (8), (9), (15), and ( 16), 

P«l^ _ -1 
§Pi| "pktanh(pkho) 

3z U) (19) 

and 
PIz.0 



^1 k tanh(khm) 

dzLo (20) 

Using equations (17) through (20) a homogeneous difTerentlal equation replacing the 
inhomogeneous equation (2) can be written. 



pktanh(pkho) Dt^ \ k tanh(kh„)/a^ 9x4 



(21) 

Substituting equation (10) into equation (21) gives. 



1.+ 



km tanh(khnt). 



c2 + ^ r{c-\jf-4 = 0 

Pkmtanh(Pkhoj (22) 



where 

Let )i « 1 (pflan) tanhCkhm) and ^3 = (pj/P^tn) tanhOkho). \i Is, esdentially, the ratio of the 
inertlal coefficient of the epithelium plus the inertlal coefficient of Relnke*s space fluid 
to the inertlal coefficient of the epithelium. Is, essentially, the ratio of the inertlal 
coefficient of the air to that of the epithelium. Equation (22) can be written. 



(H + n.) c2 . {2H.U) c + (ntU^ - c3) = 0 (23, 

In the following it is assumed that U/aQ, c/a^ « 1. The air is considered to be 
incompressible, both because the Mach number of the mean flow is small, and because 
the length scale of the glottal constriction is small compared to any acoustic 
wavelength under consideration. (The length scale of concem is the length of the glottal 
constriction because this is where the maximum velocity occurs. This will be shown to 
be the most likely place for an instability.) The assumption of incompresslbillty means 
that p is approximately equal to one, and that a simple closed form solution for the 
surface wave speed can be obtained. Otherwise, only approximate solutions are 
avaUable. 

Solving for the phase speed. 
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Cq Is the natural phase speed of surface waves on the epithelium without the interaction 
of the air and Rclnke's space. The larger Cq the greater the tension of the epithelium. The 
effect of airflow Is to decrease the ambient pressure (the Bernoulli effect), and hence 
counter the tension of the epithelium. As the speed of the air increases, the 
discriminant in equation (24) becomes negative, the phase speed becomes complex, and 
there Is exponential growth in time. 

At the point where the discriminant goes to zero, the critical point, the stiffness of the 
epithelium Is Just large enough to balance the inward force provided by the air. The air 
speed at the critical point is given by. 



The real part of the phase speed can be sketched as a fimction of fluid speed, U (Figure 
2). Below the critical fluid speed there are two real values for the phase speed. These 
have opposite signs for U small enough, so that there is both a stable upstream aiid 
stable downstream surface wave. However, Just below the critical point both stable 
waves are moving downstream, and at the critical point there is only one phase speed. 




(25) 



At the critical point the surface wave phase speed is given. 



Cent 




(26) 



Re(c) 




U 

aJr speed 



Figure 2. Stability Diagram. 
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It is interesting to note the dependence of the c ical point on the geometric 
parametexB and on the wavelength. Th&M quantities appear in the inertial coefficients 
\i and tAf As ^ and increase the critical air speed decreases (see equation 25). Also, (i 
and are increasing functions of wavelength, so the longer wavelengths require less 
air speed for Instability. Further, as the air channel gets narrower, that is as kho gets 
sof Jler, the critical air speed becomes smaller. A similar effect occurs to a mucn 
siridler magnitude with the thixmlng of Reinke's space. (The magnitude of the effect is 
much smaller because is so much larger than p., as is shown below.) 

Based on some estimates of the parair eters appearing in equations (25 ) and (26), the 
critical speeds can be estimated. The air speed is large only through the glottal 
constriction, and because instabilities depend on the air speed being above a particular 
critical value, the glottal constriction length is the length scale of interest, further, the 
longer wavelengt^^^ are the mo9t likely the ones to be :rcitwd, so that a wavelength twice 
the glottal coMlrSctlon length is a reasonable estimate of surface wavelength. The rest 
of the parameter .vre set as follows: 

vertical lengch of glottal constriction » 1 cm 
I'^ity of epithelium a 1 g/cm^ 

thickness of epithelium s 5 xlC ^ cm (Tltze & Diirhan., 1987) 
this Implies m « 5 xiO*^ g/cm^ 
hm>5xlO'^cni(Hirano, etal., 1983) 
ho ■ 10'^ cm 

T3 5xl0^g/scc«fnt2e&Durtiam, 1987) 

The bending stiffness of the epithelium is neglected and the tension is taken to be 
that measured at 20% strain. 

With these parameter settings equation (25) gives U^a 2000. cm/sec and equation (26) 
gives I . cm/sec. The critical air speed shown above can be attained in the glottis 

.idlc&tlng that the type of instability derived here can ^end to the initiation of the 
mucosal wav^. However, the surface wave speed at the critical point shown above is a 
coL^le of orders of magnitude less than that observed by Baer (1975) (The surface wave 
speed reported by Baer was about 1 ms.) This indicates that other mechanisms are also 
contributing to surface wave growth. 

DISCUSSION 

It is interesting to compare this layered structure approach to the familiar two-mass 
model. The analysis of the two-mass model shows what needs to be included into this 
layered structure approach to make it a complete model of mucosal wave instability. 
Also, it wD^ be seen that the analysis given here can provide insight into the mucosal 
wave itself and thr dynamics of the two-mass model 

The layered structure approach a continuum mechanics approach, while the two- 
mass model takes a lumped element approach. The latter has the advantage of easily 
incorporating the changing properties along the vocal-tract axis, although in a 
discontinuous way. With the layered structure approach, ii is less naturaJ to include 
these Inhomogereities, but it can be done. The premier advantage of the layered 
structure approach is the straightforward correspondence between the panjneters of 
the actual folds and the structures in the layers. 
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It has been shown that mechanical loads must be included In any mode* of vocal fold 
vibration to account for the eneiBr exchange between the air and the folds (Stevens. 
1977). These loads are necessary to provide for differences between the closing 
movement and opening movement of the folds In the relation ^''-.•ren pressure and 
surface position. This accounts for the net energy input to th j folds from the air. The 
mechanical loads can be Inertlal loads of the vocal-tract air or the nonlinear 
resistances resulting In pressure head losses at the entrance and exit of the glottal 
regions fntze, 1988). Tlie two-mass model Incorporates both loading effects. A layered 
structure approach can Incorporate both effects also (Tltze & Talkln. 1979). Therefore, a 
layered structure approach In the study of mucosal wave initiation can Incorporate 
these loading effects. 

After filling In the noted deficiencies, the resulting layered structure model would be 
a more complete linear plctiire of the initiation of the mucosal wave. In fact, the linear 
instability derived above is not necessary for the initiation of the mucosal wave. All 
that Is needed for linear instiblllty is that there be a negative damping coefficient, but 
poslUve restoring force during some part of the glottal cycle. {This Instability is 
analogous to what uiay be called a dynamic Instability in a mass-spring system with 
negative damping and poslUve spring constant (Miles. 1959).) In this paper a more 
catastrophic type of Instability has been derived, where the effective restoring force of 
the epithelium and air system Is negative. (This Is analogous to what may be called a 
static Instability In a mass-^rlng system with negative spring constant (Miles. 19591 " 
In the first case of the dynamic instability, exponentially growing oscillation are tiie 
result, and In the latter case of at&Vc Instability, exponential growth without 
osclllaUon results. Tltze has shown hov the dynamic Instability works on a layered 
structure picture of the vocal folds without "...the underfylng mechanisms of surface- 
wave propagaUon." fntze. 1988. p 1540). These mechanisms hrve been < anslderrd here, 
but with the more severe static instability caused by the Bernoulli pressure overcominc 
the epithelium tension. 

The static instability has not been considered to be important in the anal>sls of 
models In the past. Isliizaka & Matsudalra (1972) could have found an instability with 
an effective negative spring force on the lower mass In their anatysls of the two-r "is 
model If tJ.wy had used a slightly greater subglottal pressure, slightly more compliant 
springs, and a smaller rest area then the one they used. Tltze (1988) recognizes the 
possibility of such an InstablUty. but removes Its conslderaUon fi-om linear problems. 
It has been shown here that static instabilities can be considered iii a linear analysis, 
where, in fluid mechanics, it is known as a Kelvln-Helmholtz instabllltv 
(Chandrasekhar. 1981). 

Tills linear analysis can be applied to the partq of the glottal cycle making the quasi- 
steady approxto-ition. and linearizing the equ^ Jons of moUon about the operating 
point of Instantaneous glottal opening and air velocity. The static instability is most 
likely to a^-oear in such an analysis during the closing phase of the glottal cycle. Tlie 
severity and duration of the staUc of instabUity may be used to distinguish some voice 
types. For Instance, the condlUons of relatively loose epithelium and small (but 
positive) rest area may describe pressed voice. One would expect that the static 
instability is more severe and takes a greater portion of the closing phase in the pressed 
voice tiiari in a chest voice. This offers an alternative explanation to Stevens* account 
of some of the aspects of pressed phonaUoa where he assumes that the rest area is 
negative for pressed voice to obtain the abrupt closure (Stevens. 1988). 

To conclude, this layered structure approach may find application in other areas of 
communicative sound production such as syrlngeal vibration and trills of various 
articulators in the vocal tract. 
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Effects of Preceding Context on 
Discrimination of Voice Onset 
Times* 



Bruno H. Rppp and Hwei-Bing Lin^ 



V/hen discriminating pairs of speech stimuli from an acoustic voice ons.. time 
(VOT) continuum (e. g., one ranging from /baf to i\ia/), English-speaking 
subjects show a characteristic performance ptak in Hie region of the phonemic 
category boundary. We demonstrate that this 'category boundary effect" is 
reduced or eliminated when the stimuli are preceded by /s/. This suppression 
does not seem to be due to the absence of a phonological voicing contrast for stop 
consonants follotoing /s/, since it is also obtsined when the Is/ terminates a 
preceding word and (to a lesser extent) when b,-oadband noise is substituted for 
the fricative noise. The suppression is stronger, }^ow^cr, u \en the noise has 
the acoustic properties of a syllable-initial /s/, everything else equal. We 
hypothesize that these properties make the noise cohere vnth the following 
speech signal, which makes it difficult for listeners to focus on the VOT 
differences to be discriminated. 

INTRODUCTION 

One of the most reliable findings in speech perception research is the so-caUed 
category boundaiy effect for stimuli varying in voice onset time (VOT) HVood 1976)- 
Subjects find It easier to discriminate syUables that faU on opposite sides of the 
phonemic category boundary on a VOT continuum than stimuli that, although 
acoustically different to a similar degree, are drawn from within a phoneme categoiy. 
Such a peak In the discrimination funcUon along an acoustic speech continuum Is one 
of the haUmarks of categorical perception (Studdert-Kennedy. Llberman. Harris. & 
Cooper. 1970). Two alternative explanations of this effect have been proposed (see 
reviews by HoweU & Rosen. 1985. and Repp. 1984). According to one. there Is a 
psychoacoustlc discontinuity along the VOT dimension that gives rise to the 
discrimination peak and also determines the location of the phonemic category 
boundary (usually between 20-40 ros of voicing lag for English-speaking listeners). 
According to the other explanation, untrained listeners base their discrimination 
Judgments lew on auditory qualities than on the phonemic categories assigned to the 
stimuli. Iri this view, the dlscrlmln&Uon peak Is not due to a psychoacoustlc 
dlscontlnul^but to subjects' attcrUlon to a higher-level, discrete representation of the 
taput. and the location of the category boundary is detennlned by language-specific 
factors, not universal auditory ones. ^ s h ^"^^ 
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There Is aome evidence that attention to phonological categories plays a role in VOT 
discrimination tasks. For example, listeners trained to pay attention to the auditory 
properties of the stimuli In a low-uncertainty task tend to show a reduced category 
boundary cfifect or none at all (Carney, Wldln, & Vlcmelster, 1977: Kewley-Port, Watson, 
& Foyle, 1988; Sachs & Grant, 1976; Samuel, 1977; Soil, 1983; however, see also 
Macmlllan, Goldberg, & Bralda, 1988), and ^eakers of languages whose stop consonant 
voicing contrasts differ from English may show p category boundary effect at a 
different VOT than Is characteristic for English listeners (Williams, 1977). However, 
there is also a history of experimentation concerning possible psychoacoustlc 
discontinuities on VOT contlnua (reviewed by Repp, 1984; Howell & Rosen, 1985; Rosen 
& Howell, 1987a, 1987b) > which culminated in findings that nonhuman animals show 
enhanced sensitivity to VOT differences in the region of the English phoneme boundary 
pooling, Okanpya, & Brown, 1989; Kuhl, 1981; Kuhl & Padden, 1982). The most recent 
contributions to this issue stem from iCewley-Port et al. (1988) and Macmlllan et al. 
(1988). Kewley*Pon et al. found that trained human listeners in a low*uncertalnty task 
exhibited ro discrimination peak along a VOT continuum; they concluded that the peak 
has a phonological origin. However, Macmlllan et al. sampled the continuum more 
Ontfy in an othenvlse similar eaqperiment and found a dear peak at about 18 ms of VOT. 
Thus the cat^oiy boundary effect in that region of a VOT continuum does seem to have 
a psychoacoustic underpinning. At the same time, it is also clear from Macmlllan et 
al.'s work that subjects do make use of "context coding" or labeling in high-uncertainty 
tasks such as the frequently used ABX paradigm. Such attention to phonological 
categories might magnify the p^hoacoustlc discrimination peak (if psychoacoustic 
and phonological effects are additive) or substitute a p^ak of different origin (if 
psychoacoustic and phonological effects are mutually exclusive, resulting from 
attention to independent internal representations). 

The present series of experiments began as an atteo? ot to eliminate the contribution 
of phonemic labeling to VOT discrimination performance in a high-uncertainty 
discrimination task. The method, explained below in more detail, entailed preceding 
the test syllables with a fixed precursor that neutralized the phonological voicing 
contrast on the following stop consonant. This procedure also raised the question, 
however, to what extent the precursor might interfere with the auditoiy processing of 
VOT through some form of forward ma?;king or interference in audltoxy memory. 
Several additional esqperlments were conducted to address this i^ue. It was expected 
that an investigation of the relative sensitivity of the VOT category botmdaiy effect to 
preceding context would provide new Information about its origins in phoneioic 
labeling and/or in the auditoiy representation of VOT. 

EXPERIMENT 1 

WeU-known methods for manipulating the category boundary effect in speech 
discrimination include the substitution of analogous nonspeech stimuli, the use of 
listeners with different Instructions or auditoiy skills, and the use of discrimination 
tasks with varying memory demands. In Experiment 1, however, the same stimuli were 
presented to the same listeners in the same task with the same instructions. The 
critical manipulation concerned the presence or absence of immediately preceding 
phonetic context. In one condition, the VOT differences to be discriminated were often 
phonemically dlstit^ctlve, whereas in the other they were not. This was achieved by 
first presenting SKlmull from a standard [pa|-[i3^a] (phonemically, /ba/Vpa/^ 
continuum varying in VOT, and by then preceding these stimuli with a constant [s] 
noise plus silence appropriate for a labial closure interval. In English there is no 
phonemic voicing distinction for stops after tautosyllablc /s/, and although stop 
consonants are proauced without aspiration In the^^e clusters, the conventional 
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orthographic transcription— -and the phoneme catf:|oiy assigned by lingulsts--ls 
/p.t,k/, not /b,d,g/ (see Llsker, 1984). TMs fact was exploited previously by Sawusch and 
Jusczyk (1981) In a study of the audltoiy versus linguistic origins of selective 
adaptation and contrast effects along a VOT continuum. For our present purpose the 
transcription is relevant In so far as It preempts the Voiceless** symbols and thus 
Impedes a categorical distinction between unasplrated and aspirated stops following 
/s/, at least for listeners without phonetic training. To the unsophisticated listener, 
both (spa] and (sp^al are /spa/. 

The predictions were thus veiy straightforward: When asked to discriminate stimuli 
from the (pal-(phal series, subjects should exhibit the typical category boimd^uy effect: 
but for the (spa]-(sp^a] stimuli the discrimination peak should disappear if it is due to 
subjects' attention to phonemic categories. ^ If, on the other hand, the category 
boundaiy effect is partiaUy or entirely due to a psychoacoustlc discontinuity (such as a 
temporal order threshold" for VOT— see Pisonl, 1977, but also Rosen & Howell. 1987b), 
the categoiy boundaiy effect should persist. This could be either because listeners 
always make auditory discriminations and phonological categories are merely grafted 
onto the auditoiy representations, or because listeners' attention is drawn to auditory 
differences in the absence of phonological contrast. 

T^ methodological precautions were taken against possible complications in this 
simple design. First, a categoiy boundaiy effect might be obtained for the (spa]-(sp^a] 
series because subjects fail to integrate the (s) noise with the rest of the syllable. This 
might occur because, in the rapid successive presentation of stimulus tripJeto for 
discrimination, the [s] noises may form a separate acoustic stream (Bregman, 1978: 
Cole & Scott, 1973). Indeed, Diehl, Kluender, and Parker (1985) argued that such 
streaming occurred in the above-mentioned study by Sawusch and Jusagrk (1981), and 
may have invalidated some of their conclusions. Sawusch and Jusczyk had used an 
interstimulus interval (ISI) of 300 ms. To counteract stream formation, a relatively 
long (1 s) Interstimulus interval was used in the present discrimination task. Since, in 
addition, there was a 3 s response intenral after each stimulus triplet, auditory 
streaming was considered quite unlikely under these conditions. That listeners would 
be able to ignore the /s/ deliberately seemed unlikely in view of Repp's (1985) 
demonstration that, foi untrained U-^Mers at least, it is very dlffteult to segregate an 
initial (si noise intentionally from foLowlng phonetic context. 

Second, it is possible that an (s] noise preceding Ipal-fp^a) stimuli interferes with VOT 
perception at a strictly auditory level, through some form of forward masking or by 
increasing the load on auditory mfu.ory and therein making smaU stimulus 
differences less accessible. Although it would be surprising if such Interference removed 
the psychoacoustic category boutidary effect completely, a lowering of discrimination 
performance and a consequent reduction of the boundary peak might occur. To assess 
this possibility, a Uiird condition was included in the experiment, in which a burst of 
white noise preceded the Ipal-Ipna) stimuli The white noise was chosen to be at least 
equal in energy to the (s] noise across the whole frequency spectnmi, so that its auditoiy 
interference with VCDT perception would be at least equal to that caused by the [s] noise 
The subjects, however, were expected to hear these stimuli as a honspeech noise 
foUowed by /ba/ or /pa/, so a phonological category boundary effect should be obtained, 
perhaps attenuated by auditory interference, which indirectly would hamper labeling 
accuracy. Any additional reduction in the category boimdary effect in the (s] noise 
precursor condition relative to the white noise precursor condition may then be 
attilbuted specifically to the neutitdization of the phonological conti^st, and hence to 
subjectn) rttenUon to linguistic stimulus attributes. 
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Methods 

Subjects 

Twelve Yale undergraduates were paid to participate. They were all native speakers of 
American English. 

StimitU 

The Ipa!-[p*^al CV continuum was constructed on the Hf: 'dns software ^theslzcr in 
its serial configuration. Using conventional procedures, VOT (i.e., the duration of the 
initial aperiodic excitation) was varied from 0 to 70 ms in 10 ms steps, ^'esultlng in 8 
stimuli. The syllables did not have any release bursts. In the (spa]-{sp^a]. or (s]-CV, 
continuum the stimuli were prr*^xed with a 58 ms natural-speech (si nolse.^ A 60-ms 
silent Interval Intervened between the constant [s] noise and each synthetic syllable. In 
the nr 'se-CV condition* a 58-ms noise burst preceded each syllable 60 ms. This noise 
burst was excerpted from broadband noise recorded from a General Radio 1390-A noise 
generator, and its amplitude was adjusted until its flat spectral envelope (obtained by 
Fourier analysis) completely subsumed the typical, S-shaped envelope of the [s] noise, 
obtained at its most intense point. Consequently, the two noises were similar in energy 
around 4 kHz, but the white noise had stronger low-frequency components than the (s] 
noise. In addition, thr white noise had an abrupt onset and offset, whereas the (s] noise 
was naturally tapered. These differences were thought to enhance any auditory 
Interference due to the white noise, relative to that caused by the [s] noise. Hie test of the 
phonological hypothesis was thus rather consenratlve. 

All stimuli were digitized at a 10 kHz sampling rate with appropriate low-pass 
filtering at 4. 9 kHz. In each of the three stimulus conditions, all two-step (i.e., 20'ms 
VOT) pairings of the stimuli were presented in an AXB format. This led to 6 (stimulus 
pairs) X 4 (arrangements within an AXB triad) = 24 stimulus triplets, which were 
recorded three times In random order on magnetic tape. The ISIs were 1 s within 
triplets, 3 s between triplets, and 10 s between blocks. 

Procedure 

The tapes were played back binaurally over TDH-39 earphones in a quiet room at a 
comfortable intensity. Each s bject listened first to the CV series, which was preceded 
by four easy practice trials. The task was to listen carefully to the onsets of th e 
syllables, and to write down ''A" or "B" depending on whether the second stimtilus* in an 
AXB triplet matched the first or the third, which were known to be always different 
from each other. Subc^u^tly, half tht subjects listened to the (s]-CV series and then to 
the noise-CV series, and the other half listened in the reverse order. They were told that 
exactly the same differrnces were to be discriminated, ^'ut that all syllables would be 
preceded by a constant (s] or noise burst, which was to be ignored. 

Results and Discussion 

The r^ults, averaged across subjects, are shown in Figure 1. As expected, the 
discrimination ftmctlon for the CV continuum exhibited a pronounced peak* suggesting 
a category boundaiy at approximately 24 ms of VOT. By contrast, in the (s]*CV 
condition, there was no peak at all; the discrimination function was fairly flat and 
performance was poor, though above chance (except for the 50/70 stimulus pal: . 
Finally, in the noise*CV condition, there was a peak, but it was lower and narrower 
than the peak in the CV condition, mainly because of a large reduction in correct 
responses for the 10/30 pair. Note that, with the exception of the 50/70 stimulus pair. 
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the perfonnance decrements were restricted to the region of the original peak, even 
though there was some room for decrements elsewhere. 



too 




0/20 'O/3O 20/40 ^%0 50/70 
STIMULUS PAIR ( VOT in ms) 



Figure 1. Discrimination performance as a function of stimulus pair in the three conditions of 
Experiment 1. 



A repeated-measures analyslti of variance was conducted on the response percentages, 
with the factors stimulus pair and condlUon. Both factors had significant main effects 
fI5.55) = 9. 71. p < .0001. and fI2.22) = 6. 33. p = .0067. respectively, and their interaction 
was Significant as we!!. F(10.110) = 3. 02. p = .002. Separate analyses of pairs of 
conditions revealed tliat. although the difference between the CV and nolse-CV 
conditions was statistically reliable, that between the nolse-CV and (sl-CV conditions 
was not, due to considerable vailablllty among subjects.^ 

It is clear from tiiese results that a preceding nonspeech noise interferes with the 
discrimination of VOT near the category boundary. If tills Interference takes place in 
auditory processing, then the [s] noise presumably generates a similar auditory 
disturbance. Tiie complete disappearance of the category boundary effect In the (sl-CV 
condition is consilient witii the phonological hypotiiesis. which claims tiiat when no 
phonemic conti^st is pereeived. there no category boundary effect. However, the 
absence of a statistically reliable dlflfert. between tiie two precursor conditions 
raises the possibility that botii types of noise had tiieir effects at auditory levels of 
processing. Alternatively. It is possible that subjects interpreted (consciously or 
uncoi.<^clously) the white noise as a fricative (e. g.. (j)). or perceptually "restored" a 
fricative noise potentially hidden in the white noise (see Warren. 1984). which also 
would have attenuated the difference between tiie two precursor conditions. In that case. 
Uie results would be entirely consistent witii tiie phonological hypothesis. 
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In addition to this ambiguity o. interpretation, the comparison between the Is]*CV 
and nolse-CV conditions was inherently problematic because the noises dlfTered in a 
number of acoustic properties. These dlfncultxes are endemic to studies using 
nonspeech substitutes for speech sounds. It was decided, therefore, to conduct a second 
e^erlment in which the dlfiference between two precursor conditions was in the context 
preceding the /s/. 

EXPERIMENT 2 

In this experiment the syllables carrying the VOT variation were preceded by exactly 
the same (s] noises in both precursor conditions, but in one condition preceding context 
made the /s/ the initial phoneme of the test word while in the other the context made it 
appear to be the final phoneme of a preceding word. In the first context the phonemic 
voicing contrast thus was neutralized, whereas In the second it was not. The prediction 
of the phonological hypothesis was, therefore, that the category boundary effect should 
be absent in the first condition but not in the second. The auditory interference 
hypothesis, on the other hand, predicted similar performance In the two conditions, 
worse than in a control condition without preceding {s]. 

Methods 

Subjeds 

Twelve new Yale undergraduates were paid to participate. All were native speakers of 
American English. 

Stimuli 

This experiment, and all following ones, used stimuli constructed entirely from 
natural speech. A female speaker was recorded saying the phrases A crazy 3pin, Take 
this bin and Take this pin. The speech was digitized at 20 kHz with low-pass filtering at 

9. 8 kHz. With the help of a waveform-editing program, the bin and pin ^Uables were 
excerpted fh>m the Take this context, and a VOT contlnutun was fashtoned by replacing 
initial waveform segments of bin with corresponding amounts of aperiodic waveform 
from pin. proceeding in steps of two glottal cycles. This resulted in stimuli with VOTs of 

10, 18, 27, 36, 44, 53, and 61 ms (rounded to the nearest ms). An additional stimulus 
with zero VOT was created by excising the 10 ms release burst (k bin 

The pin portion of A amy spin was excised and discarded, leaving A crazy s. To make 
the Is] noises in the two precursors identical, the [s] of A crazy s, 148 ms in duration, was 
excerpted (without deleting it) and substituted for the shorter (94 ms) [s] noise in Take 
this. When the precursors were recombined with bin/ pin, this was found to result in 
more naturaUy-sotmdlng stlmuU than the reverse substitution. Thus the [s] noises in 
both prectirsors had phonetic properties characteristic of .syllable-initial /s/. The Take 
this precursor used derived from the bin context: the other Take this carrier phrase was 
discarded. 

Each of the three stimulus conditions contained five bL)cks of 24 AXB triads 
presenting two-step discriminations (here corresponding to differences of about 17 ms 
of VOri). In the CVC condition, thf btn-pin stimuli occurred in isolation with ISIs of 1 s 
within triads. In the A crazy s, or #Is*1CVC, and Take this, or (s-]^CVC, conditions, th. / 
were preceded by the respective constant precursors.^ The silent interval between the 
end of the Is] noise and the CVC word was 77 ms, which equalled the original closure 
intenral in A crazy sptrt The ISIs within triads were 500 ms, to compensate for the 
longer stimult^s durations. The ISIs between triads were 3 s. 
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Procedure 

The procedure was the same as In Experiment 1, with the CVC condition first and the 
order of the other two conditions counterbalanced across subjects. 

Results and Discussion 

The results are shown in Figure 2, which Is analogous to Figure 1. In the CvC 
condition, a pronoimced peak In discrimination perlbrmance was obtained, suggesting 
a category boundary around 28 ms of VOT.s The only unusual feature of this 
discrimination function is the elevated performance for the first stimulus pair. This is 
likely to be an artifact of stimulus construction: It will be recalled that the zero VOT 
stimulus was generated by a different method— removal of the release burst-^hlch gave 
it a "softer^ onset that some subjects foimd very distinctive, while others did not seem to 
notice it. As to the #l3 lCVC and Is-I#CVC conditions, it is ev^Jcnt that the 
discrimination peak was severely reduced or absent in both, and that tlim was little 
difference between them, except perhaps for the anomalous first stimulus pali . 
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Flgwe 2. Discrimination performance as a function of stimulus pair in the three conditions of 
Experiment 1 The precursors are A crasf s (circles) and Take this (squares). 



The statistical analysis revealed significant effects of stimulus pair, fT5,55) = 12 40 
t1;P?^}} ^ of condition fI2,22) = 34. 79, p < .0001, as weU as a significant interaction.' 
mo, 110) » 4. 62, p < .0001. When the CVC condition was omitted, however, only the 
fSfi° stimulus pair was significant, PT5,55) = 5. 02, p = .0007. The #Is-ICVC and (s- 
1#CVC results thus were statlstlcaify equivalent. 

niese results repUcate the earlier finding that a preceding (si noise severely reduces 
or even eliminates the VOT cate^oiy boundary effect. However, thtre was no indication 
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of any effect of linguistic structure: A preceding /s/ had the same detrimental effect, 
whether it initiated the test word or whether it terminated the preceding word. This 
seems to disconflrm the phonological hypothesis and support the auditory interference 
hypothesis, although the total disappearance of the boundary peak is somewhat 
surprising from an auditory perspective. 

Tills interpretation of the results assumes that the phonological structure was 
perceived in accordance with the context but proved Irrelevant to VOT discrimination. 
It is possible, however, that the subjects never perceived the intended difference in word 
boundary location and heard Take this bin as Take the spin, even though the 
instmctions said that the precursor was Take this. If this seems implausible, it is still 
possible that VOT discrimtnatlon Is performed at a prelexlcal level of phonological 
coding that depends solely on the phonetic properties of the speech segments and 
precedes the asslgrmient of lexical word boundaries. The fact that aspiration noise 
following a stop closure is a word boundary cue (Christie, 1974) Is not in contradiction 
with this hypothesis: Dlscrln:iination of relatively long VOTs was not affected by 
precursors. Tlius the phonological hypothesis Is still alive. 

EXPERIMENTS 

To the extent that the phonetic properties of the speech segments forced a particular 
phonological structure on the speech signal, which took precedence over contextual 
constraints. Experiment 2 did not achieve its purpose. It merely confirmed the basic 
finding that a preceding [s] noise with syllable-initial phonetic properties eltoinateo 
the category boundary effect. Would an [s] precursor that imambtguously terminates a 
preceding word still Interfere with VOT discrimination? And if so. Is the intf rference 
due to the /s/ at all? Perhaps any preceding context would interfere witl. VOT 
perception. 

Experiment 3 examined these two questions. Like Experiment 2, it Included tiree 
discrimination conditions, one in which the test stimuli occurred in isolation and cwo 
In which they were preceded by a carrier phrase. In one Instance, the carrier phrase \^as 
unambiguously Ttxfce this, while in the other it was Take the. 

Methods 

Si;b)ed9 

Tnlrteen new Yale tmdergraduates were paid to participate. All were native speakers 
of .An;erlcan English. 

Stimuli 

The stimuli and test sequence in the baseline CVr condition were the same as in 
Experiment 2. In the Take this, or (-s]#CVC, condition, the original syllable-final [s] 
noise (94 ms long) and the original silent closure duration following it (115 ms long) 
were reinstated, which made this context quite unambiguous. A new carrier phrase was 
recorded for the Take the condition. To avoid closure voicing, it was produced as Take 
the pfri by the same female speaker, with a silent closure duration of 84 ms. The stimuli 
from the bin-pin continuum were substituted for the orlgmal pin. 



Procedure 

As in Experiments 1 and 2, the baseline condition was always presented first, and the 
order of the two precursor discrimination conditions was counterbalanced across 
subjects. 
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Results 

The results are shown In Figure 3. The CVC condition again yielded a pronounced 
peak In th<^ short VOT range. This time, both precursor condlUons also showed peaks, 
but they were somewhat lower and shifted towards longer VOTs. The peak for tbr Take 
the precursor stimuli was at a longer VOT than that for the Take this precursor s,. luU.^ 

100 I , 




STIMULUS PAIR (VOT in ms) 



Figure 3. Discrimination performance as a function of stimulus pair in the three conditions of 
Experiment 3. The precursors are Take this (circles) and Take the (squares). 



The ANOVA yielded a signlftcant effect of stimulus pair. F(5.60) = 31. 01. p < .(XX) 1. 
and a significant stimulus pair by condition InteracUon. F[10, 120) = 8. 3 1. p < .(XX)i . but 
no significant main effect of condition. Comparlrg only the two precursor condlUons 
the two significant effects remained significant. F{5,60) = 14. 60. p < .0001. and F[5.60\ = 
4. 56. p = .0014. respectively. Thus there was reliable evidence only for shifts in peak 
location (which we will not attempt to explain here), not for a general perfonnance 
decrement caused by prectirsors. 

The results of this experiment, when compared with those of Experiment 2. show that 
an /s/ that unambiguously belongs lo a preceding word interferes much less with VOT 
discrimination (If at all) than does an /s/ that has phoneUc characterisUcs appropriate 
for word-lnltlal poslUon. everything else equal. This Is entirely consistent with the 
phonological hypothesis. However, the auditory Interference hypothesis Is by no means 
ruled out. For one thing, the silent closure duration following the syllable-final (s) 
noise (Itself a cue to a syllable boundary) was longer than that following the syllable- 
initial [si noise. Naturally, this may have reduced ariy auditory Interference. Then Uiere 
were also acoustic differences between the two [si noises In duration, amplitude 
envelope, and spectral detail that could have played a role. Moreover, the comparison 
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between syllable-initial and syllable-final [s] noises was made across experiments, 
which Is always problematic. Therefore, another experiment was conducted. 

EXPERIMENT 4 

The purpose of Experiment 4 was to assess independently the roles of [s] noise 
characteristics and silent closure duration in the precursor effect on VOT 
discrimination. 

Methods 

Subjects 

Twelve Yale undergraduates, some of whom had participated also in Experiment 3. 
were recruited and paid for their services. 

Stimuli 

There were five conditions, three of which r ^plicated those of earlier experiments: 
isolated CVC stimuli; CVC stimuli preceded by Take this, with the original 94-ms 
syllablc-final [s] noise plus a 115*ms silent closure (as in Exp. 3); and CVC stimuli 
preceded by Take this, with the spllced-ln 148-ms syllable-initial [s] noise plus a 77-ms 
closure (as in Exp 2). Tlie two additional conditions represented the other two possible 
comblnatlono of [s] noise and closure duration. Because of the increased number of 
conditions, the two extreme stimulus pairs (0/ 18 and 44/61 ms of VOT) were dropped to 
reduce test length, leaving only four two-step VOT contrasts. Each condition thus 
contained 16 different AXB triads, which were repeated five times. 

Procedure 

As usual, the CVC condition was presented first, and the order of the other four 
conditions was counterbalanced across subjects. The subjects were told that the 
precursor was always Take this: the phonetic differences among the precursor 
condiiions were not mentioned in advance. 

Results and Discussio::: 

The results are shown in Figure 4. Tlie discrimination ftmctlon for the isolated CVC 
stimuli replicates that obtained in Experiments 2 and 3. The . unction for the precursor 
condition with syllable-final [s] and long closure also resembles that found in 
Experiment 3. showing but slight interference. Tlie function for the precursor condition 
with syllable-initial [s] and short closure is quite different in shape from that found in 
Experiment 2. for unknown reasons. However, it does replicate the much greater 
Interference obtained in that condition. The remaining two conditions, with 
mismatched [s] noises and closures, yielded results rather similar to the syllable-final 
[s] plus long closure precursor condition. 

Alternative^, the data can be stmtmiarized as follows: All precursors interfered with 
VOT discrimination, though only at the shorter VOTs. Within the four precursor 
conditions, the combination of ^liable-initial 1 and short closure led to much more 
interference than any of the other combinations. Thus, for the syllable-initial [s] noise, 
lengthening of the closure reduced interference considerably: for the syllable-final (s) 
noise, there was only a slight reduction. Similar^, at the short closure duration, a 
change in (s] noise made a large difference; at the long closure duration, only a small 
one. 
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Figure 4. Discrimination performance as a function of stimulus pair in the five conditions of Experiment 
4. The symbols [s-1 and [-sj represent fricative noises from originally syllable-initial and syllable-final 
position, respectively. The numbers in parentheses are the closure durations. All precursors were 
intended to be percei^/ed as Take tLls. 
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The statistical reliability of these effects was examined in two ANOVAs. The first 
analysis included only the four precursor condlUons. with noise type, closure duraUon. 
and stimulus pair as factors. Apart from the expected main effect of stimulus paLn 
ft3.33) = 12. 79. p < .0001. there were a significant main effect of noise type. F{1, 11) = 
9.47. p = . 0105. a marginally significant main effect of closure duraUon. Ftl.l 1) = 4. 85, 
p = . 05. a mai^lnally significant interaction between closure duration and stimulus 
pair. Ft3.33) = 2.96. p = .0465. and a significant triple InteracUon. Ft3.33) = 3.68. p = 
.0217. The noise type by closure duration Interaction was not significant. The triple 
interaction reflects the finding that the discrimination function In the long- 
nolse/short-closure condlUon had a different shape than the functions In the other 
three condlUons. The marginal significance levels Indicate considerable variability 
among subjects. 

A second ANOVA comr>ared the isolated CVC condition with the piecursor condiUor. 
cloEsst In performance level (syllable-final noise, long closure). The main effect of 
condition (I.e.. the difference Ln average performance level) was not significant, but the 
stimulus pair by condition Interaction (I.e.. the difference In shape of the 
discrimination functions) was highly significant. ft3.33) = 6. 39. p = .0016. 

In summary, these results confirm the earlier finding that preceding [s] noises 
Interfere with VOT dlscrlmlnaUon as long as the VOTs compared are relatively short 
l40 ms or less), but not If th.ey are relaUvely long. In addlUon. the results show that the 
Interference depends both on [s] noise type and closure duration: The phonetic 
constellaUon appropriate for a syUable-lnlUal /s/ leads to more Interference at short 
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VOTb thikn any other noise-closure combination, thus substantial!/ reducing the peak 
in the discrimination function. 

These results are still compatible with both a phonological and an auditory 
interference account. From the perspective of the phonological hypothesis* they show 
that only the complete phonetic pattern characterizing syllable-initial /s/ leads to 
(overt or covert) /s/-stop cluster formation and phonological neutralization of the stop 
voicing contrast. From the auditory perspective, the two types of [s] noise generated 
different amounts of auditory interference because of their different acoustic properties 
(duration, amplitude, etc.), and this differential interference was reduced at longer 
temporal separations because of a celling effect on discrimination performance. 

bi a parallel study, we (Repp & Lin, 1989, Exp. 1) collected identification data for the 
very same stimuli, with fhre different closure durations ranging from 45 150 ms. 
Subjects labeled the stop consonants as "B* or *P* less accurately when the syllable* 
Initial [s] noise preceded them, with a strong bias towards responses, than when the 
syllable-final [s] preceded them. This difference decreased oxily slightly as closure 
duration increased and was still present at the longest closure. Tills pattern diverges 
from the present discrimination results, which already show a dose convergence at a 
closure duration of 115 ms. Thus, as closure duration increased, discrimination 
performance exceeded what would be predicted uu the basis of phonemic labeling in the 
syllable-initial [s] precursor condition. Here is a suggestion that the category boundary 
effects in that condition, at least, did not derive directly from attention to phonological 
categories, though it is also possible that covert labelliig in the AXB task did not follow 
the same pattern as overt labeling in the identification test (cf Repp, Healy. & Crowder. 
1979). 

As a final attempt to distinguish between the two alternative accounts of the 
precursor interference effects. Experiment 5 returned to the method cf nonspeech 
analogs, in defiance of its inherent problems. 

EXPERIMENT 5 

In this experiment, the entire precursors of Experiment 4 were replaced with 
broadband noises having exactly the same durations, overall amplitudes, and 
amplitude envelopes (cf. Salasoo & Pisonl, 1985; Gordon. 1988). Only spectral structure 
was eliminated. Thus, Ebq)ertment 5 also partially replicated Experiment 1, where a 
more primitive kind of nonspeech noise precursor had been used. To shorten the 
e:q;>erlment. only the short-closure conditions of Experiment 4 were incl^rded. The 
prediction was that. If the different amounts of interference generated by the two kinds 
of [si noise in i!jq>erlment 4 were due to differences in their acoustic pit>perties (other 
than spectral differences', then the two nonspeech noises likewise should generate 
different amounts of interference, similar to those produced by the [s] noises. If. on the 
other hand, 'iie difference between the two [s] noise conditions in Experiment 4 was due 
to spectral or specifically phonetic factors (i.e., /s/-stop clurter formation at some 
prelexical 1^1 in perception), then the two nonspeech noises should have equivalent 
effects, similar in magnitude to the effect of the syllable-final [s] noise in Experiment 4 
or even smaller. 



Methods 

Subjects 

Twehre subjects from the same pool participated. Some of them had also been subjects 
li. ::xperlment 4. 
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Sdmuli 

Each o£ the two entire Take this precursors was converted into envelope-matched 
broadband noise using a computerized procedure first described by Schioeder (1968). 
which randomly reverses the polarity of digital sampling points with a probability of 0. 
5. The fesultlng noise has a flat spectrum but retains the amplitude envelope ol the 
speechJ It thus sounds vaguely speechlike but is not identifiable as an utterance. The 
stimuli torn the bin-ptn continuum were presented in isolation and preceded by either 
of the two noise precursors, with Intcnrening silent intervals of 77 ms. The stimulus 
sequences were the same as those of the corresponding conditions in Experiment 4. 
Prorjduie 

As in previous experiments, the two precursor conditions were presented a'^-ir the 
isolated CVC condition, in counterbalanced order. The subjects were told that the words 
would be preceded by a noise, which they should Ignore. 



Results and Discussion 

The results are shown in Figure 5. It can be seen that the noise precursor derived from 
Take this wltl. syllable-final [s] interfered minimally with VOT discrimination, but 
that the other precursor, which had the amplitude envelope of Take this with syllable- 
initial [s|. did reduce performance at the shorter VOTs. This pattern was quite similar to 
that obtained with the corresponding speech precursors, though the absolute amotmt of 
interference was less. There was also considerable variabllify among subjects. In the 
A.WVA including all three conditions, there was a significant main effect of condition. 
ft2.22) a 3. 87. p s . 0364. and a significant condition by stimulus pair interaction. 
F(6.66) 3 2. 42. p s . 0354, both of which were obvlousty due to the more effective 
precursor condition; the stimulus pair main effect was. as always, highly significant. 

These results suggest that the different amounts of interference caused by syllable- 
final and syUable-lnltlal [s| noises (Exp 4) are at least partially due to acoustic 
differences between the two noises. Since spectral differences were eliminated in the 
nonspeech precursors, and the duration differences between the original [s] noises were 
less well defined in the nonspeech analogs because of the absence of spectrally marked 
segment boundaries, this leaves differences in absolute ampUtude and ampUtude 
contour at noise offset as possible factors. This weakens the phonological account of 
the differences observed in Experiment 4. Also, the possibilities (mentioned in 
connection with Experiment 1) of hearing the nonspeech noise as a fricative or 
perceptually restoring a hidden fricative noise seem less plausible here, where the 
whole precursor phrase was transformed into noise. As in Experiment 1. however, 
nonajpeech noise (Exp 5) interfered less with VOT dlscrimlnaaon than did [s] noise (Exp 
4). This may also reflect acoustic differences— viz.. the different spectral composition of 
iu a noise with predominantly high-frequency components (the natural 

(sj) should interfere more with the auditory processing of VOT than a broadband noise is 
not dear, however. Alternatively, the difference may have been caused by a reduced 
perceptual coherence of the nonspeech precursors with the foUowlng speech, compared 
to aU-speech stimuli. A similar explanation was proposed by Gordon (J 988) when he 
failed to find an effect of empUtude-modulated noise precursors on the perception of 
speech sttaull differing in closure duration. Tills explanation presumes that part or all 
of the interference takes place at an auditory level beyond the periphery, where the 
allocation of perceived sources plays a role. An acoustic factor disrupting source 
continuity may have been the presence of relatively strong low-frequency aperiodic 
energy in the nonspeech precursors, which was absent from the following speech 
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Figure 5. Discrimination perfofxtidnce as a function of stimulus pair in the three conditions of 
Experiment 5 The [-noise) precursor was derived from Take this with $yllable*final [$L and the [noise-] 
precursor was derived from Take tUs with (spliced-in) syllable-initial [s] Filled sjrmbols are used to match 
the corresponding speech precursor conditions in Figure 4. 



GENERAL DISCUSSION 

The present series of experiments started with an attempt to suppress the category 
boundary effect on a VOT continuum by preceding the stimuli with /s/ and thus 
neutrall^ng the phonological voicing contrast (Expeximent 1). This manipulation was 
highly successful In that the discrimination peak Indeed disappeared. Howler, a 
control condition with a nonspeech noise precursor also yielded some interference. 
Experiment 2 showed that the interference caused by an [s] noise was not affected by 
whether a word boimdaiy preceded v. followed the /s/. Experiment 3 suggested that an 
(si noise with syllable-initial phonetic properties interferes more than one with 
syilable-flnal properties, and this was confirmed in Experiment 4, though only when 
the intervening closure duration was relative^ short. Eixperlment 5 indicated that this 
difference was due to acoustic differences among the [s] noises, since amplitude- 
matched nonspeech noise precursors showed a similar difference, tmougU less 
Interference in absolute terms. 

The restdts of several of these experiments could be int'^rpreted as lending support to 
the hypothesis that the VOT discrimination peak (the -category boundary effect") 
originates at a phonological level of speech processing, not at the level of basic auditory 
se*. JtMtles. Kcwlcy.Port et al. (1988) recently arrived at the same conclusion when 
they observed that the discrimination peak was absent in a low-uncertainty 
discrimination task with trained subjects. Their conclusion has been challenged. 
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however, by Macmlllan et al. (1988) who did find a discrimination peak 'Ji a similar 
experiment that sampled the VOT continuum more finely and concluded that there h a 
psychoacoustic boundaiy on a VOT continuum. The present results are consistent with 
that Interpretation as weU. This amblgulf-, of interpretation pervades Experiments 1-4. 
but Experiment 5 tends to favor a psychoacoustic account of the precursor effects 
studied here. That Is. the results suggest that the effect of a preceding /s/ on 
dlscnmlnatlon performance was caused not so much (or not at all) by the 
neutralization of the phonological voicing contrast In the following stop consonant as 
by Interference with Ihe auditory processing of VOT. HUs Interference may then be 
corsldered a possible reason for why phonological neutralization of voicing contrasts 
iix /s/-stop clusters is common In the languages of the world. (See Footnote 1, however. ) 

The mechanism of this Interference Is not known. It would require a whole series of 
further studies to disentangle the many possibilities. Voice onset time discrimination 
may rely not only on purely temporal dlfTeiences but also on differences in Fi onset 
frequency (SoU. 1983). In the relative strength of aspiration (Repp. 1979). and In the 
ampUtude envelope at voicing onset (Darwin & Seton. 1983). A preceding noise could 
Interfere with the processing of any or aU of these. How such Interference could result In 
the complete elimination of the psychoacoustic boundaiy around 20 ms of VOT Is still 
not clear. 

One way In which a noise precursor might affect auditory processing Is through 
peripheral fonvard masking or adaptation. It is not clear, however, why adaptation of 
nerve fibers sensitive to the high frequencies characteristic of [s] noises should 
Interfere with the perception of spectral and temporal slgiaal properties In the low- 
frequency region, which VOT discrimination mainly relies on (voicing onset. Fi onset 
frequency). A more plausible Interpretation is that the presence of a precursor simply 
increased the complexity u Uie stimuli and thus made It more difficult for listeners to 
focus on the acoustic properties relevant to the task. This interference then may have 
takeri pbce largely In auditory memory, rather than In peripheral auditory processing 
This hypothesis is supported by the finding that nonspeech noise precursors generally 
Interfered less with VOT discrimination than did speech precumrs. Although speech 
and nonspeech precursors differed in spectral content and thus were not fully equated 
in their acoustic properties, the main difference between them may have been that the 
speech precursor "cohered" with the following word while the nonspeech precursor did 
not to the same extent. A parsing of the auditory input into likely sources probably 
precedes storage in auditors memory (cf. Bregman. J 978; Crowder. 1983). and a 
pM^SS** °^ constitutes a likely speech source may influence this 
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FOOTNOTES 

^Perception & Psychophysics,45, 323-332 (1989). 

^Also, University of Cornecticut, Storrs. Now at the Lexington Center, Jackson Heights, NY. 

^It should be kept in mind that these predictions concern the discrimJjiability of small VOT differences 
in the region of the original discrimination peak. Few listeners would feil to discriminate the extreme 
tokens of [spa] and [sp^aj, despite the phonological neutralization. 

^This noise was excised from a male speaker's production of the word spectacular in a sentence context. 
This rather short noise was used for no better reason than that it happened to be readily available in 
digitized form when the sHmuli were constructed. As will be seen, ho we/er, it served its purpose well. 

^is variability was apparently not due to effects of test order, which were nonsignificant in a separate 
analysis. That analysis also employed an arcsine transformadon of the response proportions, which left 
the pattern of the results unchanged. Subsequent analyses did not include these two refinements. 

^In the abbreviations for the conditions, the number sign (#) stands for a linguistic word boundary, and 
the dash (-) foUowing the [s] represents the fact that the [s] noise had sylUble-initial phonetic properties. 

^e shift in the peak to a longer VOT value relative to Experiment 1 could be due to any of the many 
acoustic differences between the syntheHc and natural stimuli: presence versus absence of a release 
burst, different amplitude envelopes, different vowels, different syllable structure and duration. It is 
well known that the VOT category boundary does not "stand sHir but is influenced by a variety of 
extraneous variables (see Repp k Libernum, 1987). 

^A corresponding di^nce in phoneme boundaries for the same stimuli was obtained in a labeling test 
administered to the same subjects. This boundary shift became the subject of a separate invesHgation 
(Repp k Lin, 1989) and v. ai not be discussed further here. Suffice it to note that it cannot have been due 
to coarticulatory cues to the original foUowing /p/ in the Take the precursor, because this should have 
caused a boundary shift in the opposite direction. Repp and Lin (1989) also showed that the difference 
in closure duration was not responsible. 

^Actually, the nois*^ presented to the subjects had a sloping rather than a flat spectrum. This was 
because the speech had been digitized with high-frequency pre^mphasis (of about 6 dB per octave 
above 1 kHz), and the digital noise files and the speech had to be (re)convertei into sound in *he same 
sflmulus sequence, for which the computer demanded compatible specifications. Thus, even though 
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the nontpeech noises in the computer files had a at spectrum, high-frequency de-emphasis was 
applied at output. This could have been circumvent td by first re-digitizing the speech without pre- 
emphasis, but it was not considered enough of a problem to warrant the effort. 
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Can Speech Perception be 
Influenced by Simultaneous 
Presentation of Print?* 



Ram Frost/ Bruno H. Repp, and Leonard Katz^^ 



When a spoken mrd is masked by noise having the same amplitude envelope, 
subjxts report they hear the toord much more clearly if they see its printed 
version at the same time. Using signal detection methodology, we investigated 
whether this subjective impression reflects a change in perceptual sensitivity or in 
bias. In Experiment 1, speech-pltis-noise and noise-ordy trials tuere accompanied 
by matching print, nonmatcking (but structurally similar) print, or a neutral 
visual sHmulus. The results revealed a strong bias effect: T matching visual 
input apparently made thi, amplitude-modulated masking noise sound more 
speechlike, but it did not improve the detectability of the speech. However, 
reartwn times for correct detections were reliably shorter in the matching 
condition, suggesting perhaps subliminal facilitation. The bias and reaction time 
effects were much smaller when nonwords were substituted for the words, and they 
were absent when white noise was employed as the masking sound. Thus it seems 
that subjects automatically detect correspondences between speech amplitude 
envelopes and printed stimuli, and they do this more efficiently when the printed 
sHmuli are real words. This supports the hypothes. , much discussed it. the 
reading literature, that printed words are immediately translated into an 
internal representation having speechlike characteristics. 

In the process of recognizing spoken words the listener must generate from the 
acousUc signal an internal representation that can make contact with the entries in the 
mental lexicon. A question of great importance for contemporaiy theories of speech 
percepUon Is whether or not the generation of that representation is independent of 
lexical processes. One pcsslbUlty is that the perceptual ana'>3ls of the speech mput is 
completed before any contact with the mental lexicon occurs. Alternatively, some or all 
stages of the perceptual analysis may be Interactively influenced by lexical processes 
that have been set In motion by partial Infomatlon. prior context, or expectaUons. (See 
Frauenfelder & Tyler. 1987. for a review.) 

Researchers concerned with auditory word percepUon generally take it for granted 
that the representaUons of words in the mer^al lexicon are phonologic In nature (A 
notable exception Is-Klatt. 1980.) Investlgatx,»s of visual word perception, too. often 
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assiime that phonological representations are accessed, although sometimes they 
postulate the existence of a separate vlsual-orthographlc lexicon. While there are 
results Indicating rapid visual recognition of written words prior to phonological 
analysis In certain tasks, there is much e\' dcncc that reading involves a phonological 
lexicon at some stage, (See McCusker, Hillinger, & Bias, 1981, for a review.) Theoretical 
parsimony dictates that this lexicon be the same as the one accessed in auditory word 
recognition. If so, then the process of speech perception might be penetrable visual 
Influences (as well as the reverse): If earlier stages of auditory word perception can be 
affected by lexical processes, and if those same lexical processes can be activated in 
parallel by a visual presentation of print, then perception of words in the auditory 
modality could be influenced by words presented in the visual modality. 

Evidence for lexical top-down effects within the auditory modality has been obtained 
in tasks involving phoneme restoration (Samuel, 1981; Warren, 1970), detection of 
mispronimclatlons (Cole & Jakimlk, 1980), and shadowing (Marslen-Wilson & Welsh, 
1978). It is not known, however, whether similar effects on speech perception can be 
elicited by visual input. That visual and auditory speech information can Interact at a 
rather early level in perception has been demonstrated by McGurk and MacDonald 
(1976): Tlie visual presentation of artlculatory gestures (a speaker" s face) can aiiect 
subjects* perception of speech segments, even wher the auditory input is imamblguous. 
However, because speech gestures are fundamental correlates of phonetic categories, 
their effect on speech perception takes place even before phonetic categorization, and 
certainly before lexical access (see Summerfleld, 1987). The mapping of print Into 
speech is far less direct and must be mediated by a lexical phonological level. Can a 
simultaneous presentation of printed words nevertheless influence the perception of 
speech? 

A recent study by Frost and Katz (1989) suggests that it might. These authors 
presented printed and spoken words simultaneous^ and asked subjects to judge 
whether the words were the same or different. The experiment included a condition in 
which the speech was degraded severely by added signal-correlated noise (a broadband 
noise with the same amplitude envelope as the stimulus). Nevex^ieless, the subjects 
found the task fairly easy; the average error rate was only 10%. In a subsequent pilot 
study, the same authors presented the subjects simultaneously with both degraded 
speech and degraded print. Here, subjects' performance was close to chance. The 
subjects' phsnomenolcgteal description was that they often could not hear any speech 
at all in the a idltory input, whereas previous^, when clear print matching a degraded 
auditory word v. presented simultaneously, they reported no difficulty in identifying 
the deeded word. Thus, it seemed as if the presence of the printed word enabled the 
subjects to separate the speech from the noise, and hence to percciw* it much more 
clearly. There is another possibility, however: Subjects' introspections may have 
reflected rherely an illusion caused by the correspondence between the print and the 
amplitude envelope of the masking noise, which was identical with that of the speech. 
That is, subjects might have thought they heard speech even if the masking noise alone 
had been presented accompanied by 'teatching" print; however, no such trials were 
Included. 

The following experiments were conducted to determine whether simultaneous 
presentation of a printed word can truly facilitate the detection of a speech signal in 
noise. A positive afaswer to this question would provide strong support for the 
hypothesis that visual and auditory word perception are functionally interdependent. 
On the other hand, even the finding of a pure "response bias" elicited by the 
correspondence between the print and the noise amplitude envelope would be 
interesting, as it, too, represents an effect of print on speech perception, though of a 
different kind. 
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EXPERIMENT 1 



In Experiment 1. subjects were presented with either speech plus noise or with noise 
alone, and their t&sk was to detect the presence of the speech signal. In conjunction with 
the auditory presentation, the subject saw on a computer screen a matchliig word a 
nonmatchlng word, or a neutral stimulus (XXXXX). The purpose of the experiment was. 
Irst. to confirm our pilot observations that simultaneous presentation of matching 
print makes subjects hear speech In the noise and. second, to examine whether that 
eflFect reflects an increase in sensitivity to speech actually present, or a bias to Interpret 
the masking noise as speech. The signal detection paradl^ we used enabled us to 
compute Independent indices of sensiUvlty and bias. 

It is important to keep in mind that even on noise-only trials there could be a 
(partial) match between the visual and auditoiy stimuli, since each spoken word had its 
individual envelope-matched masking noise. Another way of framing the quesUon 
therefore, was to ask whether matching print would enhance the detectabilltj of the 
spwtral features of speech hidden in the noise, or whether it would have an effect on the 
subjects' responses because the auditory amplitude enveU^ corresponds to that of the 
spoken form of the printed word. These two effects are not mutually exclusive and mav 
operate simultaneously. ' 

Methods 

Subjleds 

Thirty-six undergraduate students. aU native speakers of English, particli j in the 
experiment for pi^rment. 

Stimulus preparation 

The stlmuU were generated from 24 regular, disyllabic English words that had a stop 
consonant as their inltla' phoneme. AU words were sUessed on the first syUable Tiic 
number of phonemes In each word ranged from four to six, and the word frequencleo. 
according to Kufiera and Francis (1967). ranged from 0 to 438. with a median of 60 The 
woros were spoken by a female speaker in an acoustically shielded booth and were 
recorded on an Otarl MX5050 tape recorder. They were then digitized at a 20 kHz 
sampUng rate. From each digitized word, we created a noise stimulus with the same 
^hoSl!!! randomly reversing the polarity of individual samples with a 

S^S?^? ^S<*n)e<ler, 1968). Such signal-correlated noise retain^ a certain 

jpeech.llke quality, even though its spectrum is flat and It cannot be Identified as a 

w^^"^Jat?^i?f'" ""^l** ^ ts^e Van TaseU. Sol^. Kirby. & 

u speech-plus-nolse stlmuU were created by adding the w^form of 

? T^?Ki° °^ ^PPJj^fi «=alLng factors to vary the 

?/u "'^^ ^^^^ ""^^^ ^^^'^ amplitude constant. Six diflferent 

S/N ratios were used: -9.5 dB. -10.7 dB. -12 dB. -13.2 dB. -14.4 dB. -16.5 dB. AU Sese 

the Identification threshold, according to earUer obaervaOoS 

tS^.^ ; 5 ^ ''^ '^^^^ t° ^ ^« introducuoa) Beamse 

Jr^Z^.^'^ Its own ampUtude-matched masking stimulus, any given S/N ratio was 
OMCtly the same for aU words and :n for different phonetic i^-nents wltSn each 

r^/?"!^ ^J!^'-'" P«»«nted on a Maf 'osh computer screen in bold face 
S^^n^^wi*^ subtended an average vlsua. ^.Jt of approximately 2.5 degrees 

* at the onset of the auditon^ 

stimulus, on a second audio channel. The onsets of the spoken words were determined 
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Visual^ on an oscilloscope and were verified auditorily through headphones. The onset 
was ddtoed as the release of the initial stop consonant In all cases. 

Design 

There were three experimental groups of twelve subjects each. Each subject was tested 
at two of the six different S/N ratios: relatively high (-9.5 and -10.7 dB), medium (-12 
and -13.2 dB), or low (-14.4 and -16.5 dB). At each S/N ratio there were 144 trials. Each of 
the 24 noise and 24 speech-plus-noise stimuli was presented In three different visual 
conditions: (1) a matching condition (i.e., the same word that was presented auditorily, 
and/or that was used to generate the noise, was presented in print), (2) a normiatchiiig 
condition O.e., a different word having the same number of phonemes and a similar 
phonological structure as the word that was presented auditorily, or was used to 
generate the noise, was presented in print; e.g. PERSON'— BASKET), and (3) a neutral 
condition in which the visual stimulus was XXXXX. 

Procedure and apparatus 

The subject wast seated In firont of the Macintosh computer screen and llstec 
binauraUy over Sermhelser headphones. The task consisted of pressing a *yes* ke> 
speech was detected in the noise, and a '^o*' key If it was not. The dominant hand was 
used for the "yes* responses. Although the task was Introduced as purely auditory, the 
subjects were requested to attend carefully tc the screen as well. They were told in the 
instructions that, when a word was presented on the screen* it was sometimes similar to 
the speech or noise presented auditorily, and sometimes not. However, they were 
informed about the equal proportions of *yes* and "no" trials in each of the different 
\lsual conditions. 

The tape containing the auditory stimuli was played on a two-channel Crown 800 
tape recorder. The verbal stimuli were transmitted to the subject* s headphones through 
one charmel, and the trigger tones were transmitted through the other charmel to an 
interface that directly cormected to the Macintosh, where they triggered the visual 
presentation and the computer" s clock for reaction time measurements. 

The experimental session b^an with 24 practice trials, afler which the first 144 
trials were presented in '^ne randomized block, starting with the higher S/N ratio. Then 
there was a three-minute break before the second, more dlfllcult block employing the 
lower S/N ratio. 

Results and Discussion 

Response percentages 

For each subject we determined the percentages of "yes" and "no" responses to speech- 
plus-noise and noise-only stimuli in each of the three visual condlUons. Table 1 shows 
the average percentages of "yes" responses (i.e., of hits and false alarms); the 
percentages of "no" responses (misses and correct rejections, respectively) are their 
complements. There was an extremely high rate of false alarms in all conditions, due to 
the speechllks envelope of the signal-correlated noise. It is evident that hies decreased 
and false alarms Increased with decreasing S/N raUo, as expected. Most interestlngfy, 
we see that the percentage of correct detections was higher in the matching print 
condition than in the other two conditions. This replicates the pilot obsenratlons that 
led to the present experiment. However, the percentage of false alarms was highest In 
the matchbig condition also. Apart from the issue of statistical reliability, this raises 
the question of whether we are dealing here with an increased bias to say "yes" in the 
matching condition, regardless of whether spectral features wer*j present or not, or 
whether detectablllty of spectral properties of speech was in fact increased in the 



ERLC 



.79 



Frost et al. 



73 



matching condition. To address this question, we turn to an examination of 
Independent discriminabllity (or sensitivity) and bias indices. 



TABLE 1. PercontagM of hits and falsa alarms (Exp. 1). 



S/NRatb Hits Falsa alarms 



Match Nomatch XXX Match Nomalch X)0( 



-9.5 dB 


96 


92 


93 


S7 


19 


14 


-10.7 dB 


97 


92 


90 


41 


26 


17 


-12.0 dB 


90 


77 


77 


43 


27 


21 


-'3.2 dB 


89 


80 


77 


48 


29 


32 


-14.4 dB 


74 


61 


51 


56 


44 


33 


-16.5 dB 


72 


58 


45 


59 


46 


34 



Avttrag* 86 77 72 47 32 25 



Disaiminabillty and bias indices 

Indices of discriminabllity and bias were computed following the procedures of Luce 
(1963). Liice* s indices were preferred over the standard measures of signal detection 
theoiy. d* and Beta, because they are easier to compute and do not require any 
assumptions about the shapes of the underlying signal and noise distributions. 
Moreover, earlier comparisons have shown that results couched in terms of signal 
detection and Luce indices tend to be very similar {see. e.g.. Wood. 1976). The Luce 
indices, originally named -ln(Eta) and ln(b). but renamed here for convenJ-nce c( and b 
respectively, are: 

d = ( 1 /2)ln|p(yes I S+N)p(no I N) /p(yes I N)p{no I S+N}J 
and 

b = (1 /2)lnfp(yes I S+N)p(yes I N)/p{no I S+N)p{no I N)J 

where S+N and N stand for speech -plus- noise and noise alone, respectively. The 
disc iminabllity index d assumes values in the same general range as the d'of signal 
detection theoiy. with zero representing chance perfomiance. The bias index b assumes 
positive values for a tendency to say -yes' and negative values for a tendency to say 

The average indices are sho vn In Table 2. Each index was subjected to a three-way 
anplysls of variance with the factors subject group {actually. S/N ratio between groups). 
s/N ratio (within groups), and visual condition. The d indices confirm that subjects* 
pwformance deteriorated as the S/N ratio decreased. At a S/N ratio of -16 5 dB 
performance was almost at chance level. The main effect of subject group was 
significant, m.33) - 24.8. p < 0.001. though the main effect of S/N ratio within sublect 
SS'^l c^/tr**"!; probably represents a practice effect: The more 

difficult S/N ratio always came last in the experimental session and thus received the 
benefits of practice. The most important result, however, is that subjects* sensitivity 
was not increased in the matching condition. On the contraiy. the average d index was 
lowe^ in that condition and highest in the neutral condition, though the main effect of 
visual condition was not jnlficant. F(2.66) = 1.53. p = 0.2. These differences among 
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Visual condttlons seemed to be reliable at the two highest S/N ratios only, as suggested 
by a significant interaction of visual condition and subject group, F(2,66) s 3.21, p » 
0.02. We have no explanation for this finding at present. However, our hypothesis that 
simultaneous matching print might facilitate the detection of the spectral features of 
speech in noise Is clearly dlsconfixmed. 



TABLE 2. Discrimlnabillty (d) and bias (b) indicat (Exp. 1). 



S/NRatb 




d 






b 






Match No (natch 


XXX 


Match 


Nomatch 


XXX 


-9.5 dB 


2.06 


2.36 


2.68 


1.36 


0.27 


0.36 


-10.7 dB 


2.05 


2.21 


2.32 


1.51 


0.63 


0.22 


-12.0 dB 


1.42 


1.38 


1.53 


1.06 


0.10 


-0.04 


-13.2 dB 


1.46 


1.55 


1.38 


1.24 


0.21 


0.19 


-14.4 dB 


0.48 


0.44 


0.40 


0.70 


0.05 


-0.45 


-16.5 dB 


0.3' 


0.30 


0.23 


0.87 


0.09 


-0.52 


Awrag* 


1.30 


1.37 


1.42 


1.13 


0.22 


-0.04 



Turning now to the bias Indicts, we see a striking dlflerence among the visual 
conditions: Overall, there was a strong tendency to say yts"" In the matching condition, 
but Uttle or no bias in the other two conditions. The main effect of visual condition was 
highly significant, F(2,66) a 57.1, p < 0.001. In addition. It appears that the overall 
frequency of 'Ves* responses decreased with S/N ratio in all visual conditions, but this 
tendenqr did not reach significance, due to considerable between-subject variability. 

The Increased frequency of ^es" responses when matching print was present, 
without a concomitant increase in signal detectablllty, was obviously caused by the 
speechlike qualities of the masking nclse* In the matching condition, the amplitude 
envelope of Uie noise was appropriate for a spoken version of the printed word, and 
therefore It seemed t j the subjects that the word was presented auditorily, whether or 
not It was In fact hidden in the noise. In retrospect, this r'*plalns the subjective 
Impressions of "hearing* words In noise accompanied by print, that led to the present 
series of experiments. Our data thus reveal that subjects, even when they arc not 
explicitly Instructed to do so, automatically detect the conespondence between the 
amplitude envelope of a nonspeech signal and a sequence of printed letters forming a 
word, with the consequent illusion of actually hearing the word. This illusion seems 
akin to the phoneme restoration phenomenon, where surrounding speech context leads 
subjects to ''hear^ single phonemes whose acoustic correlates have been replaced by 
some suitable masking noise (Samuel, 1981; Warren, 1970). The eflect revealed in our 
research suggests that oil the phonemes in a word may be restored, at least to some 
extent, when the speech amplitude envelope carried by noise Is accompanied by 
matching print. Since there cannot be a direct connectlpn between the printed letters 
and the auditory amplitude contour, this might be a top-down effect mediated by a 
speechlike Intemal representation of the printed word. Although a global phonetic 
representation could be envisioned that contains envelope information without a more 
detailed segmental coding, the striking difference between the matching anu 
nonmatchlng visual conditions suggests otherwise: The nonmatchlng printed words 
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were In fact fairly similar to the matching ones In syllabic stress pattern and 
phonologic structure, so that a detailed knowledge of the segmental structure would 
seem to have been necessaiy to dlscrlmli. tte between then envelopes (see Van Tasell et 
al.. 1987). We conclude, therefore, that printed words are automatically transformed 
Into a detailed phonetic representation, which is probably generated from a more 
abstract phonological repkTsentatlon stored in the mental lexicon. 

Reaction timet 

Although measures cf discriminability and reaction times are usually highly 
correlated, they may reflect dKTerent phases of the cogmtive processes involved in the 
task. While discriminability indices tap into the conscious decision stage, latencies 
reflect subjects' confidence in reaching their decisions (see Luce. 1986). Therefore, an 
examination of reaction times may reveal additional Information about subjects' 
processing of the stimuli. 

In calculating the average latencies for each subject, outliers beyond two standard 
deviations from the mean were eliminated. Outliers accounted for less than two out of 
the 24 responses per condition, on the average. The average reaction ttmes are presented 
in Table 3. At the higher S/N ratios, there were not enough misses ("no" responses on 
S+N tilab) for meaningful averages to be calculated. Separate analyses of variance were 
conducted on hits, false alanns. and correct rejections. 

Looking at the hits first, we see that the average latencies increased as the S/N ratio 
decreased across subject groups. TO.33) « 6.73. p = 0.003. But no reliable decrease was 
found within subject groups, probably due to the aforementioned practice effect. As to 
the effect of visual presentation, we see that the average reaction Omes were some 100 
ms faster in the matching condition than in the other two condiUons. This difference 
was highly significant. FQ,66) = 43.08. p < 0.001. and extremely robust: Every single 
subject showed it. even at the kwest S/N ratios. 

The false alarm latencies were significantly slower than the hit latencies across all 
S/N ratios, as conflimed in a separate comparison. FTl.33) = 13.38. p = 0.001. This is 
consistent with the common finding of slower reaction times for incorrect than for 
correct responses. However, there was no significant dlffierence among the three visual 
conditions, nor was there a main efltet of S/N ratio. 

The correct rejection latencies, too. were slower than the hit latencies. They 
decreased with the S/N ratio within subject groups, m.33) = 7.78. p = 0.009. presumably 
due to practice. The magnitude of that decrease was largest at the lowest S/N rauos 
which caused a subject group by S/N ratio interaction. FT2.33) = 3.73. p » o.03. There was 
no dlffierence between the matching and nonmatchlng conditions. However. reacUon 
times were faster in the neutral condition. This effect of visual condition was quite 
consistent across different S/N ratios and was highly significant. ft2.66} = 23.71. p < 
0*00 X • 

The very reliable speeding up of hit responses in the matching visual condition could 
be explained in tenns of the bias to respond yts" in that condition. However, the false 
alarms did not show the same decrease even though they were subject to the same 
response bias (see Table 2). Also, correct "no" responses might have been expected to 
show longer latencfis in the matching condition. Thus, the reaction time patterns of 
false alanns and of coiiect rejections suggest that it was not Just the match of print and 
noise wnpUtude envelope that caused faster latencies for hits. Rather, it seems that 
spectral speech Information had to be present in order for responses to be speeded up by 
a mateh. The faster hit latencies in the matching condition then may reflect after all 
an increase in subjects' sensitivity to the spectral features of the speech signal itself" 
even though overt detection was not enhanced, and even though the reaction time effect 
peraisted at S/N ratios where detectablUty of the speech approached chance level. Thus. 
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the latencies may tap an eariler level of processing that prec^^ded the conscious decision 
about presence or absence of the speech signal. This would explain the absence of a 
similar effect for false alarms, because there was never any signal present for these 
responses. This Interpretation remains speculative, however. 



TABLE 3. Rsaction Timos (Exp. 1). 



'YES' R«spons«s 


S/MRatb 




Hits 






Falsa alarms 




Match 


NoiTudch 


X0( 


Matc^ 


iort.atch 


XXX 


-9.5 dB 


667 


769 


740 


920 


303 


750 


•10.7 dB 


624 


735 


724 


873 


854 


775 


•12.0 jB 


749 


843 


865 


933 


1057 


1115 


•13.2 dB 


745 


858 


834 


1015 


876 


948 


•14.4 dB 


910 


1029 


982 


1003 


1031 


1094 


•16.5 dB 


838 


967 


951 


874 


1019 


1054 


Avwsg* 


755 


867 


850 


936 


940 


952 


'NO' RMponsM 






MiSSM 




Comict rejections 




i^atch 


Nomatch 


)00( 


Match 


Nomatch 


XXX 


•9.5 dB 








914 


902 


814 


•10.7 dB 








884 


855 


808 


•12.0 dB 


(Insufficisntdata) 


974 


1024 


896 


•13.2 dB 








1007 


989 


876 


•14.4 dB 


1125 


1099 


1024 


1084 


1124 


987 


••9.5 dB 


961 


988 


904 


913 


977 


909 


Av»rao« 








963 


978 


882 



EXPERIMENT 2 

The stroma rerponse bias caused by the match of print and noise amplitude envelope 
represent ji influence of print on speech perception, a kind of Vord restoration" 
illusion* Ihe main purpose of Ejq>CAiment 2 was to inves^ 2 whether this is a lexical 
or a pre-lexlcal influence. The phonetic representation generated from the print may 
havr been der^ed from a phonological representation following lexical access or, 
alternatively, it may have been generated directly from the print via spelllng-to-sound 
conversion rtaes. One possible method for distinguishing between these two 
alternatives is to present subjects with nonwords instead of words. Although some 
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authors have argued that nonwords are pronounced by referrL; to related lexical 
entries for words (e.g., Glushko, 1979). this route Is still less direct than that available 
for real words. TTierefore, If tl*e word restoration effect Is lexical in origin, it should be 
reduced or absent for nonwords. If it is prelcxical, on the other hand, it should be 
obtained for noawords Just as for words. Ir addition, we wondered whether the 
intriguing and ex^jrenely consistent reaction time facilitation for correct detection of 
words in the matciiing condition would be obtained for nonwords as w^ll. 

Methods 

Subjects 

Twelve undergraduate students, all native speakers of English, participated in the 
experiment for payment. 

Stimulus preparation 

The stimuli were generated from 24 disyiial .c English pseudowords formed by 
altering one or two letters of real words having the same stress pattern. They had a step 
consonant as their initial phoneme, and the number of phonemes ranged from four to 
six. The written and spoken forms of all nonwords exhibited a regular spelllng-to- 
sound correspondence, according to Venezky (1970); that is, each printed nonword had 
only one plausible pronunciation— the one spoken. The method for constructing the 
auditoiy and the VshbI stimuli was identical to that of Experiment J . 

Design 

Design, procedure, and apparatus of Experiment 2 were identicjd to those of 
Experiment 1, except that only on5 group of subjects was used. Each subject was tested at 
two S/N ratios: -12 dB and -14.4 dB, in this order. 

Results and Discussion 

Response percentages 

Hie average percentages of hiti and false alam** are presented in Table 4. When 
compared to the results obtained for words Mth the same S/N" ratios (Table 1). it is clear 
that subjects' performance was worse with nonwords: The percentage of hits was lower, 
and the percentage of false alarms was higher. In additi->n. the effect '>f mp' iing print 
was much smaller in the nonwords: The percentages of correct detections in the 
matching and nonmatching conditions were aknost identical, and the false alarm 
percentages showed only a small difference. To examine these effects further we 
calculated the discrimlnability and bias indices. 



TABLE 4. Pftrcgntagss of hits and false alarms for nonwords (Exp. 2). 



S/N Ratio 




Hits 




Faba alarms 






Match 


Nomatch 


XXX 


Match Nomatch 


XXX 


-12.0 


76 


69 


64 


47 41 


3" 


•14.4 dB 


38 


69 


61 


53 47 


39 


Avcrag* 


71 


69 


62 


50 44 


36 
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Discrimliubilli^ and biu Indices 

Tlie average d and b indices are piesented in Table 5. The d indices show that subjects* 
performance deteriorated as the S/N ratio decreased. This main effect was significant. 
PTl.ll) " 9.3, p < 0.01. At the higher S/N ratio* the d values were lower than those 
obtained for words in the previous Mperlment* suggesting that detection of nonwords 
was more difBcult than that of words. At the lower S/N ratio* discriminabillty was low 
for both words and nonwords. Apparently, in the present experiment, subjects did not 
show any effect of practice. As with the words in Experiment 1, the different visual 
conditions did not affect subjects* sensitivity The main effect of visual condition was 
nonsignificant, fl|2,22) s 0.09. 



TABLE 5. DIscriminability (d) and bias (b) indicos (Exp. 2). 



S/rjRatb d b 



Match Nomalch )00( Match Nomatch XXX 



-12.0 dB 0.d6 0.73 0.76 0.63 0.24 -0.02 

14.4 dB 0.39 0.51 0.56 0.51 0.34 -0.05 



Avsraga 0.63 0.62 0.66 0.57 0.29 -0.03 



Ana]}rsis of the bias indices revealed a significant effect of visual condition 1^.11] ^ 
10.0, p < 0.001. Although the direction of the effect was similar to that obtained for 
words, ^ts size was much smaller for the nonwords. Moreover. ^ rukey post-hoc 
analysis revealeo that the bias indices in the latching and noimiatching condition did 
not differ significantly. In order to assess directly whether the bias effect in the Ihree 
visual conditions interacted with the lexical status the stimuli, we conducted a 
separate analysis in which the nonwords of ExperAnent 2, and the words of Experiment 
1 (for comparable S/N latios) were combined. The interaction of wcrd/nonword and 
visual condition was significant, fT2«92) s 6.97, p < 0.001. This outcome demonstrates 
that the bias effect was indeed different for words and noiwords. 

Reaction times 

The average reaction times are presented in Table 6. The slow latencies, especially at 
the higher S/N ratio, suggest again that detection of nonwords was more diificuH than 
detection of 'Arords. We conducted separate analyses for hits, false alarms, correct 
rejectitDns, and misses. Tlie pattern of the hit? revealed no effect of visual presentation, 
Fh.22) » 0.3, in sharp contrast to the results for words. Thus, for nonwords, mptching 
print did not facilitate correct *yes' responses. Also, neither the effect of S/N nitio nor 
the interaction of S/N ratio and visual condition were si^iificant. The signillcance of 
the word-nonv^rd difference was agaiii assessed in a 3eparate analysis In which data 
from Experiment 1 and 2 r/ere combined. The interaction of word/nonr nrd and visual 
condition was indeed significant f12,d2]i « 3.27, p a 0.04. 

Tlie false alarms analysis revealed no significant effect of visual presentation. The 
analysis of correct rejections, however, did show such an effect, f12. 1 1) » 13.8, p < O.OOl. 
due to faster responses in the neutral condition. This unexplained effect is very similar 
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to that found for words. The avciage reaction times for misses were relatively slov . 
without any significant effects. 

In sununaiy, In contrast to the results previously obtained for words, the bias to say 
•yes" in the matching condiUon (the "nonword restoration" effect) was much smaller, 
and reaction times for correct detections were not faster when the print matched the 
speech signal. These results support the hypothesis that the word restoration illusion is 
lexically mediated. Because nonwords are not represented Ir the mental lexicon, their 
covert pronunciation is either generated prelexfcally from the print, or Indirectly by 
accessing similar words li^ the lexicon. Apparently, either process is too slow or too 
tentative to enable subjects to match the resulting intemal phonetic representation to a 
simultaneous auditory stimulus before that stimulus is fully processed. 



TABLE 6. Reaction Time ) (Exp. 2). 



"YES" Responses 


S/NRotto 




Hits 




r aise alarms 




Match Nomatoh 


XXX 


Match 


Nomatch XXX 


-12.0 dB 
*14.4 dB 


972 
1005 


1C19 
999 


1005 
1017 


1149 
1020 


1092 1245 
1071 1081 


Average 


988 


1009 


1011 


1084 


1082 1163 


"NO" Responses 






Misses 




Correct rejections 




Match 


Nomatch 


XXX 


Match 


Nomatch XXX 


•12.0 dB 
•14.4 d3 


1269 
1120 


1265 
1070 


1053 
1055 


1129 
1048 


1116 10041 
1091 983 


Average 


1195 


1167 


1054 


1088 


1103 993 



One unexpected finding was that overall performance was much worse for nonwords 
than for words, even though the stlmuU were presented at exactly comparable S/N 
ratios. Had the task required identification of the stlmuU. tills dliference would not 
have been surprising, since superior recognition perfonnance for real words has been 
demonstrated In vaany studies of visual and audltoiy word perception. However, our 
subjects could not identify the masked speech, and In most caf«s they could haitUy say 
If any ^peedi was prejent at l U. How. then, is the poorer prform-iixe with nonwords to 
be explained? 
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One possibility is that* because words are represented in tlie lexicon* they are better 
deU^cted by the perceptual system. This hypothesis was disconflrmed in a recent study 
rq)orted in detail elsewhere (Repp & Frost* 1988): When masked words and nonwords 
were randomly presented* without simultaneous print* they were detected equally well. 
Another possibility is that our subjects adopted different perceptual strate^es in 
Experiments 1 and 2. The instantaneous preaentation of the print occurred at the 
beginning of the speech* which unfolded over the next several hundred milliseconds. 
Almost certainly* processing cf the- print was completed before that of the speech. 
Because of this* and also because orHy words or nonwords were included in each of the 
experiments* the subjects always knew in advance whether the auditoiy stimulus was 
going to be a word or a nonword. We suspect that this forelmowledge was responsit ^or 
the observed differences in performance. 

EXPERIMENTS 

The purpose of Experiment 3 was to examine the effects of matching print on 
detectability of words and nonwords in white noise* instead of signal <!orrejated noise. 
In white noise* the amplitude envelope fluctuates less* and randomly* rather than in a 
speechlike fashion. Therefore* the *word restoration" effect caused by the match of 
auditory amplitude envetope and print should disappear completely when white noise 
is used* and with it axiy difference in bias indices. 

Even though sigiial detection theory treats sensitivity and bias as independent 
parameters* it is conceivable that* in the absence of a strong response bias due to 
speechlike noise* any effect of matching print on detectability of speech might emerge 
more clearty* particular^ since both spectral and amplitude features can now be 
utilized by subjects for speech signal detection. Counteracting this possible advantage 
of using a white noise masker was the possibility that the separation of speech from 
white noise is much easier* and perhaps restq on more peripheral processing of the 
input. This in turn might reduce ai^ potential op-down effects on subfscts* sensitivity, 
nevertheless* we wondered whether at least the reaction time difference' found for words 
in Zlq)eriment 1 could be replicated in white noise. 

Methods 

Subjeds 

Twelve paJ^l undergraduate subjects participated. All were native speakers of English. 
Stimuli 

The same words and nonwords as in Experiments 1 and 2 were used. To make the S/N 
ratio comparable for all stimuli* an individual white-noise masker was constructed for 
each speech stimulus as follows: First* white noise produced by a General Radio 1?90-A 
random noise generator was sampled at a rate of 20 kHz and stored in a file. Next* a 
segment of exactly tht same length as the speech was excerpted from that file. Then, 5- 
ms amplitude ramps were put at the begizining uid end of the noise to avoid abrupt 
onsets and offsets. Subsequently* the a:*;erage dB levels of the speech and of the white 
noise segment were determined* and the white noise (whicii* as recorded* was from 2 to 7 
dB more intense than the speech) ni^as attenuated digitally to exactly the same average 
amplitude as tl^e cpeech. The S/N ratios* therefore* were specifled relative to the 
average* not the peak* speech signal level. To obtain the speech-plus-noise stimuli* the 
speech and white noise wavefomis were added digitally at a S/N ratio of -28 dB* keeping 
the overall ampUhide constant. This ratio was ^ased on previous data l^pp & .^'rost* 
1988) and was inti^nded to yield a level of performance around 75 percent correct. 
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Design and Procedure 

Design, procedure, and apparatus were similar to those of Experiments 1 and 2, except 
that each subject was tested In both the word and the nonword conditions Half the 
subjects received the word condition first, and half the nonword condition. The 
playback level was calibrated for each tape using white noise recorded at the b^lnnlng 
of the tape. The level was set so the calibration noise registered 0.1 V on a voltmeter, 
corresponding to 90 dB at the subjects* earphones. The average level of the stimuli was 
from 2 to 7 dB lower. 

Results and Discussion 

The average percentages of hits and false alarms are presented in Table 7. The results 
. eveal that matching print did not increase either the hit rate or the false alarm rate for 
either words or nonwords. 



TABLE 7. PefMntagM of hits and falsa alarms (Exp. 3). 



Stinriukit His Fate alarms 



Match Nomatch )00( Match Nomatch )00( 



/ords 78 75 69 21 21 21 

Nonwords 78 78 74 22 22 14 



Table 8 presents the d and b indices. The d indices for words and nonwoxds were very 
slmUar, without any significant effects of the different vlsud conditions. OveraU 
perfomiance in the experiment was relatively good* so the above findings do not result 
from the Inability of subjects to detect the speech in noise. 

Table 8 also reveals that, as predicted, the bias effect found in the previous 
experiments had disappeared. However, ttere was a significant tendency to give "no- 
responses in the neutral condition, for both words and nonwords PT2,22) = 4.48, p = 0.02. 
Apparently, the absence of a printed word influenced the subjects* decision crltelon. 



TABLE 8. DIscfiminabiiity (d) and bias (b) indicas (Exp. 3). 



Stimulus 




d 






b 






Match 


Itomatch 


XXX 


Match 


Nomatch 


XXX 


Worcn 
Nonwi 'd> 


1.36 
1.34 


1.30 
1.32 


1.25 
1.63 


0.02 
■0.01 


-0.12 
0.05 


•0.38 
-0.45 



The reaction times af hits and correct rejcettoiis are shown In Table 9. The i.umbers 
of false alanns and misses per subject were insufficient for statistical analysis Hit 
latracles did not dlflfer significantly across iht different visual conditions, or between 
words and nonwords. This result is consistent with all of the above findings RTs for 
correct rejections revealed a significant interacUon of visual conditions and stimulus 
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type ft2,22) » 10.4, p < 0.001. However, this interaction Is unlnterpretable because the 
*teatch* on no^se-only trlak concerned solely the average amplitude and duration of 
the noise. It seems unlikely that such "matches" had any influence on subjects' 
responses. The variability in reaction times may just reflect differential responses to 
the 'hatching" and "nonmatchlng" visual word stimuli 



TABLE 9. Reaction Times (Exp. 3). 


"YES' Responses 


"NO" Responses 


StimuK^s Hits 


Correct rejections 


Match Nomatch XXX 


Match Nomatch XXX 


Wbrds 706 73^ 717 
Nonwords 720 722 762 


818 891 804 
909 882 857 



In summary, as we hypothesized, when the masking noise did not include the 
envelope Information, the effect of matching print on response bias disappeared. 
However, the detection of speech was not enhanced by matching print. Moreover, 
matching print did not affect reaction times of correct word detections, perhaps because 
the detection of speech in M hlte noise rests on different criteria than detection in 
signal-correlated nolse.^ Speech detection in v*hite noise may be a supeif clal task that 
does not require a detailed analysis of the auditory input, and therefore is \ it of reach" 
for top-down effects. Hie absence of an overall p rfomiance difference between words 
and nonwords is also consistent with this Interpretatioa 

GENERAL DISCUSSION 

In the present study we used a signal aetectlon task to investigate whether 
simultaneous presentation of matching print can affect the detectability of speech in 
noise. In Experiment 1 we found no evidence for an enhancement of subjects* 
sensitivity to the spectral features of the speech. However, the reaction time analysis 
revealed that subjects* confidenr? in their decisions was increased by the m^'tch, but 
only when spectral information was indeed present in the noise. There was also a 
strong bias toward ytsT responses, caused by the correspondence of print and nol *e 
amplitude envelope. Prom Experiment 2 we learned that printed nonwords elicit a 
much smaller bias effect and show no facilitation of reaction times. Finally, 
ExperLii^nt 3 demonstrated that there is no influence of print even for words when 
white noise is used as the masking sound. 

Tlie results of Experiment 1, together with earlier phenomenologlcal observations, 
suggest that, when slgnal-cc:! elated noise is employed, the presentation of ui/ «hing 
print generates a perceptual fUuslon: Subjects believe they hear speech, even when no 
speech is present in the noise. That the bias is mediated by the amplitude envetope of 
the noise was confirmed in Experiment 3, where the effect was totally absent with white 
noise. 

The bias effect suggests that the printed words were immediately receded into an 
internal phonetic form. In order for subjects* responses to be affected by the match 
between print and noise amplitude envelope, the information generated from the visual 
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and the auditory modalities must have been In the same internal metnc. The amplitude 
envelope of the auditory stimulus was almost certainly insufficient to generate a 
detailed abstract phonologic code that could have been compared to phonologic 
Information accessed from print. Therefore, it is the print that must have been 
converted internally into a phonetic representation. What our findings teach us is that 
a phonetic code Is generated from printed words cujtamattcaUy, even when the task does 
not require it. After all. our subjects were never instructed to match the print to the 
audltoiy stimuli, and were specifically info-med of the equal distribution of speech- 
plus-noise and noise-only trials in the different visual conditions. It is unlikely that 
amplitude envelopes are stored as such in the lexicon, since they are contingent on 
phonetic structure. Their availability from print implies that a segmental phonetic 
representation Is generated. Thus, our results provide further confirmation for the 
notion of obligatory and fast phonetic coding in reading, suggested by a large literature 
on visual word perception but sometimes challenged by those who find evidence for 
rapid lexical access based on orthography alone. We suspect that phonetic coding takes 
place regardless of what information gets to the lexicon finst. 

How was it possible for matching print to influence reaction times only for correct 
detections, without an apparent incxjease in sensitivity to spectral speech features? A 
possible explanation of this pattern of results i. that matching print had a 
conflnnatoiy effect at a processing stage following the extra ♦ion of partial spectral 
features from the noise. Thus, the subjects confidence in correct detections was 
increased in the matching condition without any actual increase In che amount of 
specixal information extracted. 

The strong ulas effect and the facil' atlon of reaction ttaie were not obtained for 
nonwords. Therefore the influence < f printed words on speech processing appears to be 
lexically mediated. That is. the int ..nal phonetic representation is probably generated 
from a more abstract phonological code stored in the lexicon, rather than by applying 
spelllng-to-sound conversion ruh >. Nonwords are clearly at a disadvantage in such 
process.3 Whether this disadvantage consists merely of a longer processing time could 
be tested by presenting the visual Information somewhat in advance of the onset of the 
auditory stimulus, so tl.at there is sufllclent time to recast nonwords into an internal 
phonetic code. Tks observed difference between words and nonwords might then 
disappear. At this time, we can only conclude that the covert naming of printed 
nonwords ia not as efllclent as that of words, which certainly agrees with previous 
results obtained in overt naming tasks. 

No bias or fiaciUtatlon of reaction time were obtained for words or nonwords in white 
noise. Whereas the signal-correlated noise masker forced subjects to extract speech- 
specific spectral information, essentially phoneUc features, the white noise masker 
permitted use of simple auditory strategies: Any deviation from the random noise 
background, whether speechllkc or not. oould be used in the decision process Given the 
very low S/N ratios used, the information on which the subjects* decisions were based 
probably was not speechlike enough to interact wit phonetic top-down information. 

In cotuduslon. we find support in our results for an interactive view of the process s 
of visual and auditory word perception, even though the early auditory processes of 
spectral feature extraction appear to be imperineable to top-down influences. The 
interaction of the visual and auditory word processing systems (in the direcUon we 
investigated, viz. irom visual to auditory) seems to take place because of a rapid 
necodlng of printed words Into internal speech comparable in all respects to the output 
oftheauditOiyphomtlc module. 
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APPENDIX 
Words and nonwords used In the Experiments. 



PU3UC 


TEAMON 


BODY 


DEEMY 


CLOSET 


KETTER 


BABY 


BAXI 


DOLLAR 


DALIK 


PICTURE 


PIRTON 


PAPER 


PAMET 


TEMPLE 


TRISIN 


PERSON 


TILBER 


PARENT 


BEALTY 


CARGO 


PINOW 


TABLE 


TARNET 


CANYON 


TONKOR 


CORNER 


DORIT 


TOTAL 


PROSOR 


CANVAS 


BOONTER 


DANGER 


OUEMPLE 


KITCHEN 


BOTCHEN 


PUPIL 


PUNIL 


DIMPLE 


TUNY 


PANIC 


PAGER 


PRISON 


PROSOR 


GARDEN 


GASNET 


PENCiX 


CALVAS 
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^Given a maximum of 24 responses per subject and condition, values of 0.5 and 235 were substituted for 
response frequencies of 0 and 24, respectively, so as to obtain finite ^ and indices. 

^Note a^io that the S/N ratio for white noise was much lower than that for signaI'<orrelated noise at a 
similar performance le^'el. The ratios are not exactly comparable, however, because they have a 
different reference. S/N ratios would have been more similar if the white noise had been spedHed with 
reference to peak, rather than average speech signal levels. (See Horii, House, k Hughes, 1971.) 

^The claim that the generation of phonetic structure from print, is foster postlexically then prelexically 
does not imply that fost lexical access for words is achieved by a "'visual route.'* Access to the lexicon 
may be achieved when sufflcient phonologic information for dv<!termining a spedHc lexical entry has 
accumulated prelexically. However, such information may not be sufHdent for the generation of a 
detailed phonetic structure. 
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Detectability of Words and 
Nonwords in Two Kinds of 
Noise* 



Bnino H. Repp and Ram Frost^ 



Recent modds of speech perception emphasize the possibility of interactions 
among different processing leoels. There is evidence that the lexical status of an 
utterance (i.e., whether it is a meaningful word or not) may influence earlier 
staga of perceptual analysis. To test how far down such "top-down" influences 
might penetrate, we inoesHgated whether therf is a difference in detectability of 
words and nonwords masked by amplitude-modulated or unmodulated broadband 
notse. The results were negaHve, suggesHng either that the stages of perceptual 
analysts engaged in the detection task are impermeable to lexical top-down 
^ects, or that the lexical level was not sufficiently activated to have any 
fdcilif'itive effect on perception. 



INTRODUCTION 

Jl,^^^^'^^^ psychology it is now common to conceptualize perceptual and 
S:Sr?;:^,S3?'^' ? of parallel Interactive networks. These mSdels have ISo 
o^SJiSS perception (e.g.. Elman & McClelland. 1986: Samuel. 1986). Their 

^K^^/ ♦'^i!/^'**^ ^y**"" °^ interconnected la<brmatlonal units 

fn£™!t^ ^tXif^J"^ ^ degrees-permits rapid and parallel Lnterehange of 

InformaUon between lower and higher levels In the hierarchy Thc-e models Uius 
Sl'Zu^'M^'^^ of perceptual analysis are not ^dependent h^er le^te! 
The input activates low-lcvel units, which activate connected higher-level milts, which 

' "'1!^"°" °' '-'^^^ cofmectrd to^nd Til 

until the system reaches some state of equilibrium. 

1 t!I!*^^J*S°" ""^J * P'* interactions among all processing 

Se? ,^tr*S;H?r !*f^ °f «Pertmental psychologists thus^ to daennin? 
^rf^Lffff of toteractions do occur, and if the-/ do not. to introduce 

^SSJS? «^P'*' ^ evidence that hifluences of 

rcSSS- * ^° t° earher levels of analysis m speech percepSon 

(Connlne & Clifton. 1987. Samud. 1981). On the other hand, studies of phenomena such 
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as phoneme restoration (Samuel* 1981) and the category boimdary shift along word- 
nonword continua (Connine & CU^on* 1987) have suggested that the lexical status of an 
utterance (i.e.* whether it is a meaningful word or not) may affect the extraction cf 
phoneme information firom an impoverished or ambiguous stimulus. It is not known, 
however, whether even earlier levels of perceptual analysis* such as the extraction of 
phonetic features from speech, can be affected by lexical status. In this study, therefore, 
we asked whether lextoal status can affect the detectabilty of speech in noise. ^ 

We were alerted to this possibility by our findings in a recent study (Frost et al., 1988), 
in which subjects were required to detect the presence of speech signals in amplitude- 
modulated (AM) noise whilu watching printed stimuli on a computer screen. In one 
experiment, we used disyllabic words: in another, disyllabic nonwords (i.e., 
pronounceable pseudowords) similar in structure. Subjects* detection performance was 
much worse with the nonwords, at exactly comparable speech-to-nolse (S/N) ratios. 
Although this result could hove been caused by the accompanying visual stimuli, it 
could also reflect a genuine difference in the auditory detectability of words and 
nonwords. Such a difference, if confirmed, would provide the strongest possible 
evldexKe for lexical 'top-down'' effects on speech perception, ?>ecause a detection task 
taps into the earliest levels of perceptual processing. On the other hand, a 
demonstration that these early levels are immune to lexical influences would place a 
further constraint on interactive models of speech perception, and thereby would help 
reveal the interna^ architecture of the speech perception system. 

The level of perceptual analysis employed in a speech detection task rmxy depend on 
the kind cf masking noise employed. In our earlier study, the masking noise always 
had the same amplitude envelope us the speech to be detected (cf. HorU et al., 1971). 
Subjects thus had to detect spectral evidence of speech against a background of 
appropriate speech envek>pe features (cf. Van Tasell et al., 1987). The spectral features 
in combination with the envelope features may have provided sufficient information 
for activation of ^\ narrow range of lexical candidates, not enough for accurate 
identification (according to informal observations) but perhaps enough to generate a 
facultative top-down flow to earlier perceptual stages. In uzmiodulated (UM) white 
noise, on the other hand, any kind of auditory evidence can be used for detection of 
speech, so that very little information enters the perceptual system from near- 
threshold stimuli Nevertheless, we wondered whether effects of lexical status might be 
obtained even under those circumstances. 

In the present experiment, then, we compared the detectability of structurally similar 
words and nonwords, presented randomly intermixed to the same subjects in either AM 
or UM noise. Apart from the issue of lexical effects, the comparison of speech 
detectability in AM and UM white noise was cf some methodological interest (see Horli 
et al., 1971). In particular, we wondered whether the slope of the detectability function 
(percent correct detection as a function of S/N ratio in dB) would be shallower in AM 
than in UM noise (in view of the seemingly greater difficulty of detection in AM noise) 
or the reverse (in view of the matched amplitude envelopes of speech signal and AM 
noise, which may enable the speech slgniBa to emerge suddenly as the S/N ratio is 
increased). 

Methods 

Subjcds 

Twelve paid undergraduate subjects parUcipated. All were native speakers of English 
and reported having normal hearing. 
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Stimuli 



We used the same worts and nonworts as Frost et al. (1988). Each set comprised 24 
dteyUabic stlmuU beglmiing with a stop consonant, each containing from four to six 
phonemes and being stressed on the first syUable. The wort frequencies ranged from 0 
to 438. w^th a median of 60. according to KuCera and Francis (1967). The nom, orts were 
generated from a different set of dlsyUablc worts by changing one or two phonemes 
without violating the phonotacUc rules of English. AU stlmuU were spoken by a young 
woman In a sound-Insulated booth and were recorted using high-quality equipment 
The utterances were digitized at a 20 kHz sampling rate, low-pass filtered at 9 6 kHz 
and stored In separate computer files. 

An AM noise masker was generated for each Individual utterance by a computer 
program that re^rrsed the polarity of sampling points with a probability of 0 5 (see 
Schroeder 1968). Each masking noise thus had exactly the same ampUtude envelooe 
and overall level as its speech mate, but it had no spectral structure.^ A UM masklnfl 
noise was obtained for each Individual stimulus by excerpting a segment of exactly the 
same duraUon from a longer file of white noise (sampled from a General Radio 1390-A 
random noise generator), applying 5-ms amplitude ramps to avoid abrupt onsets and 
ofiiseis. and attenuating the noise until its average level matched that of the speech. 

Speech-plus-nolse stimuli were obtained by digitally adding the waveforms of a 
^eech stimulus and each of its two matched noise maskers. Each masking noise thus 
began and ended with the speech. In the waveform-adding procedure, weights were 
f° digitized files to vary the S/N ratio whUe keeping the overaU level of the 
added sttaujMS constant. Thus, the level of the speech decreased as that of the noise 
increased. Five S/N raUos. spaced 2 dB apart, were chosen on the basis of pilot data for 
to"^S S"^?^:'!^? "^^ii^ -18 to - 10 dB for the modulated notoe. and from 
-32 to -24 dB for the UM nolse.3 Since these r«Uos were aU negative, changes In S/N 
!? il!-?K, ? Prl«»rtly changes In t.ie absolute level of the speech signal, and oi Jy 
negligible changes In noise level. ^ ^ 

.Jf^^e fo*^* stimulus sets, worts and nonworts. was divided randomly Into two 
^nJin^'i/ ? combined to fonn two parallel stimulus sets. «ach 

contaln'Tg 12 words and 12 nonwords. Each of these two sets was presented In each of 
^,HJr?oI!2fV°^'**V?J?*- "^^ con^ndlng four stimulus sequences weit- recorted on 
^^hS =?f °f «»«j«P««,began with 36 famlllarlzaUonSlals. which >^ foUowe5 
^ntS^^J «pertmental Ulals. TTie familiarization trials used a slng.e word 
ipowdefi. which was not contained In the experimental set. Slgnal-plus-n5lse 
noise-only trials were presented In strictly alternating fashion, and no n^ponS? ^re 
SEf^- fhlC^ familiarisation trials li^sented S/N raUoTrfS^a^l 
difficulty, the first one being very easy, and subsequent ones being those use-* in Se 
«pertmentel trials. Each of the foUowlng experimental blocks conuSeTo^e insfa^Se 
t^"^, 't^'ifS' * Successive experimental blocl^pL?ed iS^^e 

^ a different random orter and simultaneously Increased the S/N ratio bJ^ 
dB The task thus started with the most dlfllcult condition and btc^t ZmLZw 

in each block; however, there was only a slim chance of actually identlfyW anv vrard 
or nonwort at even the most favorable S/N raUo. mcnuiymg any word 

Procedure 

""^^^f* *° ^ tap* a'^d one UM noise tape contalnlnff 
SerLTS? ! V"; the subjects listened to one pair of tapes a?^ h^rtSf 
J!J L L*v* ^ciy^d one noise condition first, and half the other AU 

^''r'^ ^ " eaiLneJ.^e LtictiOM 

emphasized that detection, not identification of the speech was requlred.^^ that^ 
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was a good idea to guess and use 'yes'* and ''no* responses about equally often. The 
playback 'jvel was calibrated on a vol meter using white noise recorded at the 
beginning of the tape. The average levels of individual stimuli at the subjects* 
earphones ranged from 83 to 88 dB SPL. 

Results 

Tlie results are shown In Figure 1. Performance (percent correct detections) increased 
steadily as S/N ratio increased, from near chance to between 85 and 90 percent correct 
in each noise condition. There was no difference between words and nonwords in either 
AM or UM noise. The slopes of the detectablllty functions were also s' uUar in the two 
noise conditions. 



AM NOISE 




-16 -14 
S/N RATIO (dB) 




Plguw 1. Percent correct detections at a function of S/N raHo for words and nonwords in two noise 
conditions. 
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Because the speechUke features of the AM noise may have caused a response bias to 
^fL.^?*V,?*, analyzed in terms of separate indices of 

dtecrimlnablllty (sensltMty) and bias. foUowlng the procedures of Luce (1963). The two 
indices, referred to here as d and b. are defined as 

d « ( l/2)lnlp(yes I S+N)p(no I N)/p(yes I N)p(no I S+N)l 
and 

b = (l/2)lnlp(yesl S+N)p(yes ' N)/p(no I S+N)p(no I N)l 
where S+N and N stand for speech-plus-nolse and noise alone, respectively The 
dlscriminabillty index d assumes values In the same general range as the d' of sicnal 
detection theoiy. with zero reprcijntlng chance performance. The bia- index &b 
assumes positive values for a tendency to say yes' and negative values for a'tendency to 
say Tio ' 

The indices, averaged over subjects, are shown in Table I. The d indices confirm that 
performance was similar for words and nonwords. In both noise conditions In a 
repeated-mcasuTM analysis of variance on these indices (with the factors noise type. 
5/N ratio, and lexlcw status), no effect except the obvious one of S/N ratio even 
remotety approached significance. 



Table 1 : Dlscriminability tixi bias indlcct as a functton of laxical status, noisa typa 
and S/N ratio. 

S/N ratio (dB) 



AMnolsa UM noisa 





-18 -16 -14 -12^ -10 


1 -32 -30 -28 -26 -24 


DiscfiffikuMfy 
Words 
^jonwords 

Words 
Nonwords 


26 0.33 0.56 1.46 2.01 
-0.>3 0.38 0.76 1.41 1.96 

-0.40 -0.03 -0.O8 -0.15 0.30 
-0.38 0.09 -0.03 0.34 0.20 


0.12 0.28 0.71 1.43 2.05 
0.19 0.18 0.78 1.49 2.40 

-0.52 -0.31 -0.14 -0.. -0.11 
-0.27 -O.W -0.27 0.1 1 -0.04 



h„?l. .^^^^ ST * '^^^^ * tendency to say "no" at the lowest S/N raUo. 

P«formance rose above chance, there -^as no clear response blS to 
h^^eS^o*^ fU^^'^r'* "° differences In bias between words and nonwordo or 
S confirmed in a i analysis of variance on the b indices 

which revealed only a significant effect of S/N ratio. F(4.44) = 5.95. p » 0 006 



DISCUSSION 



deSLw/r« Li " nonwords are equally 

dtetecta*le ^ noise even when the noise previd^a a background of appropriate speech 
ttwelope features. Thus it appears that lexical iiiHuences did not penSate to the IrSs 
of perceptual analysis required for the detect'an trsk. Tlxe difference SS^en wor^^d 
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nonword detectabllity in AM noiise found In our previous study (Ftost et al.. 1988) must 
have had a different origin* probably related to the simultaneous visual presentation of 
words or nonwords. We conclude tentat^ely that the earilest stages of speech analysis 
are not permeable to lexical top-down effects, and that this needs to be taken into 
account in interactive models of speech perception. 

Our conclusion is tentative because there are two other possible reasons for our 
negative results. First, stimulus information may have been too limited to lead to 
lexical activation that was sufficiently constrained to have a facilitative top-dc*^ 
effect. This was especial^ true in the UM noise condiUon, although in the AM noise 
condition, because of the combination of spectral and envelope featxires. there was a 
good chance of more focused lexical activaUon, especially at the higher S/N ratios. 
Even so, there was considerable uncertainty about the possible lexical choices, which 
contrasts with other tasks in which lexical top-down effects have been observed 
(Connine & Clifton. 1987; Samuel, 1981). 

llie other possible reasnn for our negative findings is that subjects in the detection 
task may have emplpyed a purely' auditory strategy. Even in AM noise, detectton of the 
voice fundamental, for example, may have been sufilclent. The subjects were not forced 
to detect phonetic feattires or phonemes as such. It is, of course, a matter of theoretical 
viewpoint whether or not early auditory analysis is considered to be part of the speech 
perception system. If the lowest level imits are assumed to be phonetk: features (as in the 
TRACE model of McClelland & Elman, 1986), then it may be argued that lexical top- 
down effects do not occur in a detection task because the speech perception system is 
not engaged. 

In addition to the main finding of no difference between words and nonwords, our 
results reveal that the detectability functions in AM and UM noise are rather similar, 
despite the apparent difference in S/N ratios and the different task demands. Horn et 
al. (1971) examined the intelligibility rarticuLiUon") functions for consonants and 
vowels embedded in a constant phonetic context, and also found similar functions in 
AM and (continuous) UM noise. It is interesting to note that, in their study, the 
recognition thresholds (70 percent correct) for both segment types were at a S/N ratio of 
apprwdmateftr -13 dB in bot . types of noise, after adjusting the S/N ratios for UM noise 
by taking into account the different absolute levels of consonants and vowels. In the 
present study, the detection threshold for words and nonwords in AM noise was at 
about -13 dB. Even though the two studies arc not directly comparable because of 
differences in materials azul other factors, the comparison nevertheless suggests that 
there is only a small gap between the detection and recognition thresholds in AM noise. 
Since envelorie features derf^ firom the masking noise reduce the number of possible 
segmental alternatives (Van TaseU et al„ 1987), any spectral features detected may be 
sufilclent for homirig in on the correct segment. In UM noise, on the other hand, there is 
a clear discrepancy between the detection and recognition thresholds, as was 
demonstrated long ago tay Hawkins and Stevens (1950). 
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FOOTNOTES 



•a shorter version has appeared in the Journal of the Acoustical Society of America, 84. 1929-1932 (1988). 
^Now at the Department of Psychology, Hebrew University, Jerusalem, Israel. 

Isnl^^^^.T'-^'tr"'' "TJ^"^ '^"^ J" noise (e.g., Howes, 

ifrceplJIl ot^L*^:f •^T'"""'^ " °' •""•"^ ^presentations on earty 

s3tUT"^ib::;:TC^^^ °' -'^-'^ ^^--"^ --^^-^ 

'^^It'i^Srii^n;:^^^ T • 'I^"' -^te noise. However, 

SZ^tTLTT ' v"*"" high-frequency de^mphasis at the outpEt staL 

re^i^' « °i '""P*"*"" »»« former were exact 

ie '.Xe^^iS witiv n '::!r=' '^^^ « ^^e utter relatSTto 

^ven • total of 12 responses per subject and condition, values of 0.5 and 11 5 were s ..titr,*^ fn, 
«.pon,e frequencies of 0 and 12, respectively, so a. to obtain finite d and b U^^c^^^'CS mr^, 
for an earlier applicatior of these mdice, in a speech perception task " ^ 
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Discovering Phonetic Coherence 
in Acoustic Patterns* 



Catherine T. Best/ Michael Studdert-Kennedy/^ Sharon 
Manuel/tt and Judith Rubin-Spitzt^tt 



Despite spectral and temporal discontinuities in the speech signal, listeners 
normally report coherent phonetic patterns corresponding to the phonemes of a 
language that they hum. mat is the basis for the internal coherence of phonetic 
xgments? On one account, listeners acMeDe coherence by extracting and 
tntegraHng discrete cues; on another, coherence arises automatically from general 
principles of auditory form percepHon: on a third, listeners perceive speech 
patterns as coherent because they are the acoustic conseifuences of coordinated 
arhculatory gestures in a familiar language. IWe tested these accounts in three 
experiments by training listeners to hear a conHnuum of three-tone, modulated 
sine wave patterns, modeled after a minimal pair contrast between three-formant 
synthetic yech syllables, either as distorted speech signals carrying a phonetic 
contrast (Speech listeners), or as distorted musical chords carrying a nonsveech 
auditory contrast (Music listeners). mUe the Music listeners could neither 
integrate the sins wave patterns nor perceive their auditory coherence to arrive at 
consistent, categorical percepts, the Speech listeners judged them as speech almost 
as reliably as the syntheHc syllables on which they were modeled. The outcome 
IS consists with the hypothesis that listeners perceive the phonetic coherence 
Of a speech signal by recognizing acousHc patterns that reflect the coordinated 
articuktory gestures from which they arose. 

INTRODUCTION 

To master tiielr native language. chUdren must learn not only to listen, but to soeak 

tne wonis thqr hear, but also specifies how the words are to be spoken This AuSi 
p"^* speech signal has been largely disregarded in resSa^h en Speech 

SSSi'ySfS?*" ^^"^ description of speech ^ a 

sequence of syllables or phonemes, compounded from "bundles of features " and have 
then looked in the signal for the "information-bearing elements" ^ "cum- tSI? 
Z^^T^t^^'it ? -itho^conJideJSi wJetSer' or how 

SSb«n^S£i-n^^ ^ artlculatory gestures that give rise to them. The strategy 
has been successful to the octcnt that we now have detailed lists of cues-pitch contoura. 
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formant patterns, silent gaps, patches of band-limited noise, and so on— that may be 
mimicked by tennlnal analog synthesis to render intelligible speech. 

Such synthesis typically proceeds, however, without appeal to general principles of 
either auditory or artlculatoiy organisation, or of their Interrelationship. Even If an 
experimenter follows certain "rules for synthesis,' tl:e rules are rarely more than a 
simmiaiy of previous experimenters' prescriptions for copying spectrograms within the 
constraints cf a partlctilar ^theslzlng device (bi-t see Mattlngly, 1981). The criterion 
for a successful copy is simply a listener's judgment as to whether or not the 
qnotheslzed pattern renders an acceptable phonetic fonn (le., an acceptable acoustlc- 
artlculatoiy pattern of sound) in the language under study. 

What Is the basis for listeners' phoretlc percepts? What do they listen for in the 
signal? From tlie facts of speech synthesis, we might suppose that they "usten for 
discrete acoustic cues. However, the notion of cue extraction poses a logical puzzle of 
definition, as noted by Bailey and Summerfleld (1980). To establish that a particular 
piece of acoustic "stuff* deserves the status of a cue, researchers commonfy use speech 
^thesis to set aU other portions of the array at values that will ensure perceptual 
ambiguity. They then manipulate the potential cue, so that particular settings resolve 
the ambiguity. However, when the ambiguity is resolved— that is, when Usteners 
consistently identify the pattern as an instance of a particular phoneUc category— 
which is the cue? Is it the element that was manipulated or is it the coiitext? The context 
without the cue is ambiguous, and the cue without it» context is typically heard as 
nonspeech (e.g., Mattlngly, Liberman. Syrdal, & Halwes, 1971). We have no grounds for 
preferring one to the other as an efTectlve or necessary component of the pattern. 

If neither cue nor context (Itself composed of an indefinite number of other cues) can 
independently and unambiguously specify the speech sounds we hear, the functional 
unit of speech perception must be the entire acoustic pattern that the acoustic cues 
compose, what is this pattern; and why do the diverse "cues" that compose it cohere 
perceptually?! 

According to one account listeners extract discrete cues, but Judge them only in 
relation to each other, so that the phonetic segment Is a result of their pr.-ceptual 
integration (e.g.. Cutting, 1976; Jusczyk. Smith, & Murphy, 1981; Pastore, 1981; 
Schouten. 1980). Hie reason why isolated cues are often heard as nonspeech is that 
perceptual categorization depends on the relations among cues, and these relations are 
destroyed when a cue is removed from context. A variant of this view treats the 
supposed cues as independent "features" to which listeners assign weights on the basis 
of their representation in the signal. Listeners then sum or multiply the weights and 
compare the integrated outcome with a stored "prototype" to arrive at a probablllsUc 
estimate of the percept (Oden & Maasaro, 1978). We will refer to the mechanism 
proposed by these accounts as cue fntegraOon. 

According to another account, cues have no functional role in detennining the sound 
pattern of speech. Rather, the pattern coheres according to Gestalt principles analogous 
to those in visual form perception, such as proximity, similarity, good continuation 
and closure (Bregman, 1981). Thus, the melodic coherence of vowel sequences, essential 
to prosody, may be maintained across consonantal constrictions by the smooth 
contour of their fundamental frequencies (Bregman, 1981). The hannonics of a vowel 
foniant may cohere by virtue of temporal proximity, that is, of their simultaneous 
onsets and ofbets (Darwin. 1984). Temporal proximity may also account for coherence 
of the spectraUy diverse cues to voicing in consonant-vowel (CV) syUables, discussed 
below. Good continuation and spectral similarity may be at work in a CV syUable when 
a stop consonant release burst effectively conveys information about plice of 
articulation only if it is spectiaUy continuous with the foUowing formant UtinslUon 
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* Raphael. 1977). FlnaUy. fonnant translUons may 
Sf?^^ v°^J^*°^^ functions, but also syllabic functions, by eliminating ftom 
tee signal abrupt dlscontlnulUes that might excite an unwanted Increase In neural 
SSSXi?-,^""^^!®^'- '^^ ^^i^ons would thus assure syUablc coherence and. 

P««epUon of the temporal order of syUablc components In rapid 
speech (Cole & Scott. 1974; Doiman. Cutting & Raphael. 1975). If this account is correct 
fw"SS merge from the signal by virtue of their auditory coherence. NoUce 
tJiat tiUs account, unlike that based on cues, has nothing to say about the units of 

^"LuS^dT""^ ^ of aSoxy^SS^nct 

? *° segments, but to every oier unit of 

linguistic analysis, from the feature to the prosodlc contour. 

A final accourit invokes a principle that we wUl .-:aU phonetic coherence The basis, 
fL^^l^^ coh««ice. according to this account, is said to be the coor<SJ^tS^oattem 
of artlculatory gesture that produced the signal. TTie principle is ImpUdt in the weS^ 

spectral and temporal diversity of covarylng cues to voicing distinctions to maw 
languages: release burst Intensity, degree of aspiration and first formant (Fl) onsrt 
frequency Hiey proposed that aU these cues arise from the relative timing of liZ^L 
and supralaryngeal gestures In stop-vowel syllables: laryngeal 

"Laryiigeal vibration provides the periodic or quasl-ptriodlc carrier that 
we caU voicing. Voicing yields harmonic excitation of a low frequency 

fu'^^'?^"''' °^ release of the 

stop. Should the onset of voicing be delayed until some time after the 
release, however, there wlU be an interval between release and voicing 
Relatively unimpeded air rushing through the glottis wS 
JIT^H 'nSff*'"'*"* excitation of a voiceless carrier, comaionly called 
of S^iSS rSlf aspiration is accompanied by considerable attenuation 
'v^ "^^^ presumably to be ascribed to the presence of 
S!.r5^5if Fl^' the intei:sity of the 

nSi!,; «f '♦>, ' * transient shock excitation of the oral cavity upon 
ShSff t?.^n« ?P' depending on the pressures developed 

Si^Jh JStf , 'T^*,'* pressures wiU in turn be affected by 
the phastag of aomgeal closure. Thus it seems reasonable to us ro 

iSSSSS, ^i/vf" ^ ""^^^ ultimately to actions of the li^geal 
mechanisms." (Abramson & Dsker. 1965. pp. 1-2). /"S^di 

i« underUe voicing distinctions in many if „o* aii 

languages, and this elegant account of the arUculatonr orlffinof th^^SJl * * 

Sle'Sa? te" "IJ ^ ^^"P^^^- CrlaMlwev<^.'S 

^n £ l^i^^ """Ju <=°heres not becau^ of (perSfps 

SrfrfoSS^I'i,?''-^?^ *° coordlnatea patterns of sp<Stral and tempora^SS?* 
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level of abstract linguistic unit from the phoneme (Fowler & Smith, 1986; Studdert* 
Kennedy, 1987) to the word (Browman & Goldstein, 1986). 

To summarize, each of these accounts offers a view, implicit or explicit, of (1) the 
Infomiation (Le., the linguistic structure) that a speaker encodes in the signal, and (2) 
the mechanism by which a listener recovers that structure. Both the simple cue 
extraction and the cue integration accounts propose that the information is a 
collection, or sequerice, of abstract lioguistic elements— features, phonemes, or perhaps 
syllables^ and that the recoveiy mechanism entails the simple extraction, or the 
extraction and integratioa of discrete "cues" to those elements. The auditory coherence 
account, the least linguistically oriented, is neutral on the nature of the linguistic 
information, but proposes that listeners perceive the sound patterns of speech 
(whatever they may be) according to general principles of auditoiy form perception. 
Flnalfy, the phonetic coherence account proposes that the linguistic structure of the 
signal is articulatory, a pattern of gestures, and that listeners recover this structure 
because it is implicit in the acoustic signal to which it gives rise. Whether the 
articulatory gestures are grouped and segregated so as to specify abstract units at an 
Intermediate phonological level (phonemes, syllables) or only at the level of lexical 
items (morphemes, words) is a separate issue, not considered here. 

The following three experiments were designed to test these accounts of speech 
perception. First, they bring further experimental evidence to bear on the aiguments 
presented above concerning the role of cues in speech perception: They ask whether 
listeners can better learn to identify, and discriminate between, contrasting acoustic 
patterns by focusing attention on a discrete acoustic cue, or by focusing on the entire 
acoustic pattern of which the cue is a part. Second, if attention to the entire pattern 
yields superior performance, the experiments are so designed that we can ask further 
whether the contrasting paitems emeige according to principles of cue integration or 
auditoiy form perception, or from listeners' directing attention to their potential 
phonetic coherence. 

We compared the perceptual effects of an attentional focus on a phoneUc contrast, /r/ 
vs. /I/, with the effects of attention to a discrete acoustic cue signaling that contrast, 
both in and out of context. Our stimulus materials were a continuum of sine wave 
speech syllables. Sine wave speech can be heard either as distorted, though 
recogTiizable, speech, or as sounds unrelated to speech (e.g., distorted musical chonls or 
bird-like chirps) (Best, Morrongtello, & Robson, 1981; Remez. Rubin. Plsoni, & Carrell, 
1980). This dissociation allowed us to compare perceptual respom^es to the same signal 
imder nonspeech (auditory) and speech (phonetic) modes of attentioa 



EXPERIMENT 1 



The first experiment investigated which of the views outlined above best accounts for 
the discrete perceptual categories in a minimal pair speech contrast: simple cue 
extraction, cue integration* auditory coherence or phonetic cohei^nce. 

To test these possibilities, we developed a sine wave syllable continuum based on the 
time-vaxying formant frequencies characteristic of American English /ra/ vs. /la/. The 
memben of this continuum differed only in the direction and rate of the third formant 
(F3) transition, which varied systematically in approximately equal steps. Two 
additional series were developed for control comparisons: synthetic full-formant 
versions of the syllable continuum and frequency-modulated single tones 
corresponding to the F3 elements of the sine wave syllable series. Listenera participated 
in one of two conditions: speech bias or music bias. Pre -teat instructions and perceptual 
training tasks were designed to focus the speech Ustenera* attenUon on hearing the sine 
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^^^J^ " '^^T^ ^ Z'*/ "stenera- attention on 

,S ^'fP^, ^ ^- on the transition of the 

F3 tone, the highest tone In a distorted three-tone musical chord. 

If the speech categories depend on extraction of a single cue (F3 transition) both 
groups of listeners should perform identically In cate^rlzlng both^ S wa^ 
X^ffTT *"r^ ^"";f°™*nt continuum: the 50 crosaSver points on thTlJ 
Sn^S^;"^" ^S^T ^^"^ "^^^""y boundaries) and the slopes of these 
functions should be the same. Moreover, both groups should catecorize the laoS 
single tones fF3) exactly as they categorize the slSewa^ and full?o^K\Jn^blS 

If the speech categories depend on the extraction and Integration of acoustic cues we 

Thomd??^,.*?^* *° «"end to thrslne wate ^?tion! 

should be able to detract and integrate that transition no less consistently thjmsDe^h 

SegS'L,^SS^U„*?Sr.??i '^'^^\ P««^«Pt"^ organlzauon with a dlffereni 
category boundary from that of the speech listeners, but the consistency (i.e.. the stone) 
of the sine wave categorization functions should be roughly the same fortoe ^^u^. 

nf^SIf 'P*^ categories reflect the operation of general Gestalt prlnclDles 

of aujtoiy form percepUon. music listeners should be able to dlscoveV at leMrtsJme 
comment pattern (either the same as or different from that of the s^^J^h Itet^eX! 
the stae wave JrtlmuU. Thus, on the auditory coherence account, we Sag^SeS 
the slopes. If not the category boundaries, to be essentially the same tor^J^^^ 

aiS^'t^^r!"^ categorlw depend on phonetic coherence, the two groups should 
differ in their Judgments of the sine wave syllables. The soeech iutene» «hn,ViH 
^tlSr '^'''^'"Tf'^T'^ ^« syUabl« ;LiS'sh^Jld"^teg^^^ 
aJ^Z^lT"^ fufl formant versions, with perhaps ^ewhat fhStoww stopw 
Snn;«,£i<S!; varlabUlty) for the sine waves, due to theThonSS 

SST rf*^ unfamiliar patterns of the sine wave -dialect." By cSntraTt thJ 
Music listeners (unable to suppress the perceptual influence S the loi^toJl', 
JSoSJV° 1^ *^,l^"*°°^t*<»^«^«aUotycoheren^^^^^^ 
«S H J . T ^''''^ separating the F3 tone perceptuaKy from ItedioS fr^' 
and therefore In categorizing the sine wave syUaWes on the baste ofthVp? 

SlufSe^„^^.^T^>,'^'^'' P*"«™ than the speech £Ske« siow 

SrSiiJ^n^on-r ^ta^^^^^^^^ -e effects of instruction 

Method 

Subjects 

Twenty-four subjects were tested in a between-groups destai. with 12 subjects eaoh 
females) (Liqjerlment la). In addition. 5 of the music subjects returned for T^onrt 

wave speech indicates that once subjects ha^iSrc^ed^ntlSSrrsp^^^ Tl 
extt«nely uncommon for them to be able to revert to hearing ii^LV^:^^^^,'' 

Based on their answers to posttest questlomialres (see ProcXe). one^eSSe^u^ect 
Diseootring Phonetic Cokerenct in Acoustic Patterns ~ 
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was eliminated from the speech group for failure to hear any of the sine wave syllables 
as speechlike, nnd one female was eliminated from the music group because she had 
heard the sine wave qrllables as "sounding like thus reducing the n of each group to 
11. This was necessary because evaluation of the hypotheses depended on consistent 
group differences in hearing the sine wave syllables as either speech or nonspeech. 

Stimuli 

The fuU-formant /ra/-/la/ series was developed first, using the OVE-IIIc serial 
resonance synthesizer. Ihe continuum contained 10 items, differing from each other 
only in the onset frequency, and in the duration of the initial steady-state portion, of 
the FS transition (see Figure 1). These F3 properties were varied in nearly equal steps 
(slight^ constrained by the step-size limitations of the synthesizer). Each stimulus was 
330 ms in duration. The series was designed to be biased toward perception of more /la/ 
than /ra/ tokens. This was done so that the phonetic category boundary should fall 
neither at the perceived shift from steady to rising F3 transitions nor at the continuum 
midpoint, since these physical properties were two likely foci for a psychoacoustically- 
based categoiy distinction. 



SINEWAVE LA-RA SERIES 
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Figure 1. Schematic diagram of the center frequencies of the three formarts in each of the sinewave 
syllaoK and each of the fuU-formant syllables, in the lO-item stimulus conHnua. 
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accomplished by using a rapid Fl transition, a long-duration 
!2f the onset of Fl. and a steady-state F2. in the portion of the sOmull that 

was kept constant throughout the series, and by including one stimulus (the first on the 
continuum) with a slightly falling F3 transition. The« foimant characterise? 
associated wilJi natural tokens of /I/: natural /r/ typically has short steady-states at 
toe onstts of the formant transitions, a relatively slow Fl transition, a sli^thr rising 
F^transttlon. and a clearly rising F3 transition (MacKaln. Best. & Strange. 1981). In 2 
stlmuU FO b^ at 1 19 Hz and fell steadily to 100 Hz by the end of t^SlinX. In the 
constant portion of the stlmuU. Fl onset began at 349 Hz. remained there for 75 ms 
then rose hnrarly to 673 Hz by 100 ms . where it remained to the end of the syllable. IHe 
tSX^^.^^ of was 1297 The constant portion of F3 was a ateady-state 
2870 Hz in the filial part of the stimulus, beginning at 125 ms into the syllable. The F3 
SS^S^."!?"*"*^** **** ^° stimulus items were 3019 (at the /la/ end of the continuum) 

SfJ^cinSf^N'T'V'^"^''"?^'"^^' l821.and^67?S«(artJe /mTSri 
the cw^tlnuum). In the first stimulus (/la/), the steady-state onset ended and theF3 
transition began at 65 ms into the stimulus. In the tenth stimulus (/ra/) this 
brea^oiiit occurred at 20 ms into the stimulus. Tht temporal posiUon of The 
breakpoint was varied iystematically in 5 ms steps for the intervening stimuli. 

•nie sine wave syllable continuum was generated with a multiple sine wave 
gntheslzcr propam developed for the PDP.U/45 computer at Hasklns UboratcriM 
SlS;^?"'^ characteristics or the sine wave ^llables*^mimlcked Uiwe frSm^Se 
formant continuum. «cept that each formant was now represented as a single, time- 
vanjng tone rathw than as the wider band of harmonics found w the Siits of 
^1^.^^^^^ In the Sine wave syllables, there was no tone to re^M^t 

iS^^S to?l '""'"'^ P"^"*^^ tones 

Four additional ^imuhis series were developed for the perceptual training seauences 

syllables. These series were designed to focus the totener's attention SSitt^iTttS 
P«>Pertie8 of the sine wave syllables, or oTSS protSSw m tS«c-nSc 
djoris dm-erlng only in the onset characteristics of the hlghwTS^te^'^'re^J^^o 
speech btos training series, one based on the endpolnt /r«/ stimulus <rf the ^rwa^e 
J^Uable contlriuum and the other based on the sine wave /la/ syi^lt Jm^^ fZ^ 
- "i^H^? continuum). Each speech traini^ series^„^^ 

sOmuU that provided a gradual, stepwise change from the full-formant wUaSfto the 
corresponding sine wave syUable. The first item of each ser^es^ Se oure f^l 

SS "^rnSe^^^Sif^f^ the last item was the purelSe'wTve JS'^i^nVtoe" 
syiiawe. The nine Intervening stimuli were produced by mixinc the «flrMv 
^chronlzed. matching sine wave and full-forSant syllables TtaJeJsely^aS 
proportions. i.e the relative ampUtude of the fuU-form^ stt mSs w^ r^lceJin 
equal steps^ while the amplitude of the sine wave syllabte Cs coS^s^oSSi^aS 
tocreased. The two music bias training series also cons^ed n tterS™rSSf u^i 
tnmsformatlona progressed ftom the isolated endpolnt F3 tone at SiT/r^ / eAd th^ 

F3 tone at the /la/ end of the continuum to the corresponding sine wave ayUable 
Procedure 
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All subjects first completed the expexlmental task, consisting of the appropriate 
perceptual training sequence for the condition randomly assigned to their group 
(speech bias or music bias)« followed by the categoriMtion test with the sine wave 
syllables. This task was administered first so that the subjects* performance with the 
sine wave syllables could not be influenced by exposure to the fuU-formant and isolated 
F3 sine wave contlnua. The speech subjects were instructed that they would be tested on 
their ability to categorize computer-distorted versions of the syliaNes /la/ and /rpy, 
whereas the music subjects were instructed that they would be asked to categorize 
computer-distorted chords according to whether or not there was a rising frequency 
glide at the onset of the highest tone in the chords. 

The subjects were then told that they would first receive some perceptual training to 
aid in focusing their attention on the identities of the distorted syllables (speech group), 
or on the steady-state vs. upg^idlng properties of the highest uotes in the distorted 
chords (music group). Each tiaining sequence proceeded in five steps. The speech 
subjects first heard the pair of full-formant clear-case stimuli (/la/ and /re/) repeated 
five times* whereas the music subjects heard five repetitions of the clear-case F3 tones 
(flat and rising onsets), with 1-sec interstimulus intervals (ISIs) and 3-sec intertrlal 
intervals (ITIs). Next, the subjects completed a 10-item practice test to categorize a 
randoml*^^ sequence of these dear-case syllables or F3 tones, presented individually 
with 3-sec ISIs, by entering their choices on an answer sheet Third, th^ listened to, but 
did not explicitly categorize, the gradual 11-step transformation, beginning with the 
pair of fuU-formant ^Uables or the pair of P3 tones, and ending with the clear-case 
pair of computer-dlSKorted sine wave stimuli. This transformation was then played in 
reverse order. The forward and reverse transformation was played three times, with 
ISIs of 3-sec, and interblock intenrals (IBIs) of 6-sec. Fourth, subjects heard the pair of 
clear-case sine wave stimuli presented five times with l-sec ISIs and 
3-sec ms. Finally, they were given a randomized 20-item practice sequence of the clear- 
case sine wave stimuli presented one at a time with 3-sec ISIs, and they wrote their 
choices on answer sheets. For all practice trials, the correct answers were printed on the 
answer sheets but were crvcrcd by a strip of paper; the subjects uncovered each correct 
answer only after writing down their own response. 

Subjects in both conditions then took a categorization test with the complete series of 
sine wave syllables. The test contained 20 blocks of the 10 items in the sine wave 
syUable continuum, randomized within each block The stimuli were presented 
individually, with 3-sec ISIs and 6-sec mis. Subjects in the speech group circled "la" or 
•ra" on their answer sheets to indicate the category identity of each item in the test. 
Music subjects circled "steady" or -upglide" to indicate whether the highest tone in the 
distorted chord had a flat frequency trajectozy or a rising gllssando at the onset. 

AAer they had finished the sine wave syllable test, subjects in both groups completed 
categorlzaUon tests with the two control series, the fuU-formant syllables and the 
isolated F3 tones. Each control test contained 20 randomized blocks of the 10 items in a 
given series, with 3- sec ISIs and 6-sec IBIs as before. On the fuD-formant syUable test, 
all subjects circled "la" or "ra" to indicate category assignments, and on the F3 tone test 
they circled "steady" or "upgllde." 

At the end of the test session, each subject answered a questiormalre about what the 
sine wave qrllables had sounded like to them, whether they had been able to maintain 
the perceptual focus intended by their group*s instructions, and whether they had made 
any Judgments on the basis of the opposing group's perceptual set, i.e., whether the 
speech listeners had categorized the itlmuU on the basis of musical (or nonspeech) 
properties, and whether the music listeners had heard any as ^llables. 
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Results 

Experiment Ut Betwcen<groups compazison 

The categorization data were tabulated, for each subject on each conttauum. as the 
pCTcentoge of times that each item was categorized as "la" in the fuU-fonnant syllable 
condition of «ie sine wave syllable test, or categorized as "steady- 
in the F3 tone test and In the music condition of the sine wave syllable test. 

* <llaplay8 the averaged results for the two groups. The category boundaries 
150% crossovers) faU at somewhat different points on the three contlnua (highest for 
the slne^ syllable, lowest for the F3 tones), but are essentially the same for the two 
groups. The slopes of the funcUons deariy differ across contlnua (steepest for the fuD- 
formant ^Oables. shallowest for the sme wave syllables), and are roughly the same for 
the two groups on the F3 tones and full-formant syllables. The groups differ markedly 
on the slopM of their sine wave syllable functions, with the slope for the music listeners 
being the shallower. 

« ,?iiif^** "i^^ ~^ect wero fli«t submitted to 

a F«)blt ana^ (Fmnqr. 1971). to determine the mean (category boundary) and slope 

IS!! f?^!f^ \ ^ category boundaries and slopes, together with 

tnetr standard errors, for each group on each continuum. High slope values indicate 

SluL^H^If ^"^^ "^"^"^ compulSl mean category 

boundaries and slopes, based on individual problt analyses, are not expected to 
correspond exactly with those readfrom the group functions of Figure 2(e g the 

the full formant qrllables. was due to very steep slopes given by 3 out of the 1 1 listeners 

^ul "T^ft^' ^ ^""'"^^ °^ 2)*0n the Sine wave ^UaSS^S 

music llsterwrs were less consistent than the speech Usteners in their cateflSv 



IiSI;!.i'':S!!lT"* bo"n<l«riM and slop«s. determined fnm 
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wave 
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Full- Sine 
formant wave 
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formant 








Speech Listeners (n-11) 






M 

SE 


6.24 
(0.17) 


5.13 
(0.26) 


5.56 0.80 
(0.27) (0.15) 

Music Listeners (n-11) 


1.03 
(0.18) 


2.30 
(0.54) 


M 
SE 


6.69 
(1.16) 


5.1S 
(0.24) 


5.67 0.14 
(0.20) (0.05) 


0.96 
(0.10) 


1.70 
(0.35) 




SINEWAVE SYLUBLE LABELING 




F3 SINEWAVE UBEUNQ 




SYNTHETIC SYLLABLE LABELING 




STIMULUS NUMBER 



Figure 2. Labeling ftirctlons for the speech and music listeners on each of the three sHmulus continUa in 
Experiment la. 

Two-factor (Instruction gmup x stimulus continuum) analyses of variance were then 
carried out on the cat^oiy boundaries and on the slopes. In these analyses, instruction 
group was a between-groups variable, stimulus continuum a wlthln-groups variable. 
The category boundary ana^s yielded no significant effects and no significant 
interaction. The slope analysis yielded a significant effect of stimulus continuum, F(2. 

r 

* 

O * Best et al 
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iS! * i e« ^' ^ ^ effect Just short of significance for instruction condition. F\l. 

20) M 3.59. p < .07. and no significant Interaction. F[2. 40) » 0.67. p > . 10. Scheff* tests of 
tie stimulus continuum effect showed that slopes were significantly steeper for the (uD- 
foimant syltables than for the F3 tones. ftl.20) = 8.90. p < .05. and steeper for t : F3 
tones, than for the sine wave syllables, fll ,20) s 14. 19. p < .02. 

m'^L'f?.°^JS° *»teractlon in the slope analysis was unexpected, given the functions 
inustrated to Figure 2 Presumably, the fact that the music group had a shallower mean 
Slope than the speech group on aU three conttaua gave rise to the maittinal effect of 
instruction condition, but the toteraction fieUled to reach significance due to the lame 
component contributed to the error variance by perfonnance on the full foimant 
syllables (see Table l). Nonetheless, stoce a test of the slope difference between 
Instruction groups on the slnewave syllables was a key to distinguishing amona the 
competing hypotheses, we carried out a planned comparison by means af a simple t-test 
on these data (for which the error variance was relatively low: See Table 1). The result 
was highly significant «20) > 4. 18. p < .0005. 

Finally, as a test for category formaUon on the stoe wave syllable continuum we 
carried out for each group a one-factor analysis of variance with repeated measured on 
SJS^J^ ^^^Sf*?^^^"'*" there was a significant effect of stimulus item. 

m.eO) - 1 10. 18. p < .0001: Scheffd tests between all possible pairs yielded significant 
dOrerencM between all items to the group 2 through 5 and all items to the^oup 7 
through 10 (p < .05). but none between items withta these groups. Indicating the mesence 

I^bS^ ^i?°'**' £Sr fi""P a significant effect of stimulus 

'f^JZ P < 0001: but Scheff« tests between all possible item pairs yielded 
^^^^ensnces only between item 2 and items 7 and 10. todlcatlng nVcorilstent 

Experiment lb; Within-groupi comparison 

The data for the 5 subjects who served to both instruction conditions were treated to 
^h^l^K^ ^ data of Exp«iinent la.3 Figure 3 displays the group functions, and 
?!? f^^^""^ boundaries and slopes, with their standard errors nie 

general pattwn of rtaults is stoUlar to that of the between groups compwison On the 

^^fZT}"^^': ""JS" ^^^^ * stan^^rror IT^c Spe^h 

condition for the category boundaries, a lower standard error for the slopes. 

A two-factor analysis of variance with repeated measures on both factors 
UnstrucUon condition and stimulus continuum) was canled out on the catefloj? 

S^fcSS„;!S?.°" ?^ ^''""^^ yielded a slSmS 

2? ' P ^ "° of Instruction Condition 

and no significant toteraction. None of the three possible palr-by-pair cateflory 
boundajy comparisons between stimulus conttoua was significant on post hoc ScheS 
r< oP'h'^tT ^iS:^,?''^^*^ « »«nlficant effect of stlrrSus concSoTJt?^) = e ol 
Siree o;i"hv^«f instruction condition and no significant toteraction Norfe of 
SSlfff comparisons between stimulus continua was significant by 

^StSv^'^P"' the lack of an toteraction. we carried out the ptonSite^ 
?. i^^^S P?"' *° »^°P«» °f t^e Stoe wave syllable funcSons betwwri 

the two tastructlon conditions. Hie result was highly slgnlflc^S. tf4) = 6!o2 p^ .Om! 

si^!i«?IflSl*^f°lLf°r'*"°" °" ''^^^ »y"able conttouum yielded a 

X^^i ? stimulus Item for the speech condition. F(8.32)24 27 p (WOl with 

t^^iJ/n*?? ' '^'^ '° ^^"^ ^to distinct catig^ei ac^ritotS 
^•^<^ c^^^^'f^''''''^°'^ comparisons, but not^slgnlficant for InJ 
withta-category comparisons). For the music condition there wa;, a ^S»lflcant effect <rf 
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Stimulus items, but none of the bchefK trsts between item pairs was si^ficant, 
indicating the absence of clearcut categories. 



SINEWAVE SYLLABLE LABELING 




F3 SINEWAVE LABELING 




SYNTHETIC SYLLABLE LABELING 
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Figure 3. Ubeling hincHons for the speech and music listeners on each of the three stimulus continua n 
Experiment lb. 
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Jtfh , ^P*^^"™*"* Mean cat^oory boundaries and slopQS. datarminad from 
Indivklual probit analyaaa on stimulus itams 2 tlirougli 1 0, for tlia 5 iiatanars who rarvad in 
both spaach and music instruction conditions. 
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SE 


5.97 

(0.43) 


5.00 
(0.11) 


5.31 0.71 
(0.44) (0.14) 

Music List«n«rs (n-1 1) 


1.20 
(0.17) 


1.54 
(0.20) 


M 

SE 


7.15 

(0.68) 


4.75 

(0.19) 


5.48 0.14 
(0.21) (0,07) 


1.34 
(0.20) 


1,79 
(0.64) 



Discussion 

Ae significant effect of stimulus continuum in the withln-group comparison of 
categoiy boundaries dlsconfirmed the prediction of the simple cue extraction 
hypothesis that boundaries would be Identical on the three contlSua ^here ^ 
grounds in either experiment for rejecting the null hypothesis of equal category 
boundaries on the sine wave and fuU-fonnant contlnua. category 

decteive results came from the slope analyses. The two groups performed 
Z"^' control contlnua (F3 tones ^ full-formaS sy^lLbSTut 
fTtte i^^s? thTfoTh continuum. Here, the significantly shSlower s opes, 

for the music than for the speech listeners, on both between-gioups and withln-irrouo 
caSS^SJ;'"^""' that attention to phonetic properties ofOie'^sySSlSTacmS 
categorization, whereas attention to purely auditory properties hindered it This 
outcome is predicted only by tiie phonetic coherence hypoK 

Nonetiieless. as tiie stimulus item analysis indicated, tiie identification function of 
^^T.^Tt? "T^" fl^t- Although Uiey^ave rS 

^T^^i^^^l'^'^f^^ fonnation. the music listeners' functions sloped in tSe 
same direction as tiiat of tiie speech listeners in botii experiments. We were therefore 
concerned Uiat Uie music listeners might have been ir^nced factoTSther^an 
attentional mode. Specifically, tiie music group might have been d4S °ed lack 

rlstag F3 tories) before Uie categorization test on tiie sine wave syllables In addition. 
Siir^H J'^i^ ""P?"^"" been more arbitrary as labels for tJe stoe 

Tpe^SSStS;^ ' -ra- ikbeS^ta Se 



EXPERIMENT 2 

^HH ^ foregoing objections, we performed a second experiment in which we had 
^ch group first complete the control test that would consSute pracUcrforthe sSe 
wave syllable categorizations (tiie F3 categorization test for the muruiS^4.'5:e 
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fuU-formant syllable test for the speech listeners) before completing the sine wave 
syllable test itself. We also provided the music listeners with nonverbal symbols of the 
tndpolnt r3 trajectories ( —vs. /— ) to use as category identifiers in the sine wave 
syllable test rather than the perhaps arbitrary verbal labels used in Experiment 1 . 

Method 

Subjedt 

thirty yoimg adults were tested. Of these. 13 were tested in the music bias condition 
(six males, seven females) and 17 were tested in the speech bias condition (four males. 
13 females). On the basis of their answers on the posttest questiotmaires (see 
Experiment 1). six subjects were eliminated from the analyses, leaving a total of 12 
subjects in eacii group. One female was withdrawn from the music group because she 
hegBin to hear words or names in the sine wave syllables, while five subjects (one male, 
four females) were withdrawn from the speech ffoup for failing to hear the sine wave 
speech patterns as qdlables. It !ray be of interest that of the latter participants, one was 
not a native speaker of English, and another was dyslexic. All remaining subjects 
lacked any personal or familial histoiy of language and speech problems, were 
monolingual English speakers, and had normal hearing. Each received $4 for their 
partlcipaUon in the test sesston. 

StimuU 

The stimuli designed for Experiment 1 were used again in this experiment. 
Fcooedure 

The procedures were identical to those described in Experiment 1, except in the 
following respects. The music bias group used nonverbal labels ^ vs. ✓"") rather 
than the words "steady" an A "upgllde" to identify the items in the sine wave syllable 
and isolated F3 tone continua, and they completed the F3 categorization test before the 
training sequence and test with the sine wave syllable continuum. They did not take a 
categorization test with the fuU-foxmant syllables. The speech bias group, on the other 
hand, completed the categorization test with fuU-formant syllables before the training 
and test with the sine wave syllables. They again used "la" and "ra" as their category 
labels. They did not take a test with the isolated F3 tones. 

Results 

The data were treated as in the previous experiment. Figure 4 displays the group 
functions, and Table 3 lists the mean category boundaries and slopes, with their 
standard errors. For the speech listeners the category boundary is somewhat higher, 
and the slope shallower, on the sine wave syllables than on the full dormant syllables 
and the F3 tones. For music listeners the projected cat^ory boundary falls outside the 
continuum for the sine wave syllables, because most of the stlmuU were labeled as 

" " (steady) across the whole series; their F3 category boundary falls well below the 

continuum midpoint. The sine wave syllable slope for the music listeners is close to 
zero, very much shallower than on the F3 tone series. The two groups dlff*er strikingly 
in both category boundary ar^ slope on the sine wave syllable continuum. Once again, 
the pattern of standard errors indicates that the music listeners were highly variable in 
their sine wave syllable boundaries, but highly consistent in their low slope values. 

To test the significance of the category boundary and slope variations, we carried out 
t tests for correlated samples on the sine wave syllable and control continua for each 
group, and t tests for independent samples, comparing the groups on the sine wave 
syllable contlnuunL For the speech listeners, category boundaries on sine wave and full 
formant syllables did not differ, but slopes differed significantly, being shallower for 

O - 5 BiBtet al. 
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S^JJjfn J^r^"*"**' ' l^'^' P < ^^'^ l^teners. despite the lai«e 

difference in means, category boundaries, did not differ slgnlflcanUy on sine ^e 
grUables and F3 tones, presumably due to the very high variabllltj of thelJ Sa 
Howeirer. their slopes on the two contlnua differed slgnlflcanUy. beli shallower for 
the sine wave syllables. «ll) » 3.84 p < .0034. Hie ^ groups did rSf S to {hS 
cat^oiy boundaries on the stoe wave syllable conttauum Sreiimably ^XSirtMhe 
m)^pZ(^T dlffer's^nm^yTSiei; Slopes 




SYNTHETIC SYLLABLE LABEUNG 
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S?Sn*«ir$*^'^ 'P^' ""^^^ °" ^'^h of the three stimulus 
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TABLE 3. Experiment 2: Me«n category boundaries and slopes, determined from 
indivMuai probit analyses on stimulus items 2 through 10, for speech and music listeners. 
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Spaach Listanara (n-11) 
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5.90 




5.66 061 




2.27 


SE 


(0.24) 




(0.33) :0.10) 




(0.46) 








Music Listanars (n-11) 






M 


10.81 


3.97 


— 0.04 


1.25 




SE 


(7.74) 


(0.20) 


— (0.02) 


(0.31) 





Tests for categoiy formation on the sine wave syllables, analogous to those of 
Experiment 1. showed that stimuli 2 through 5 and 6 through 10 fell into distinct 
categories for the speech listeners (p < .05 for all between-categoiy comparisons: not 
significant for any withln-category comparisons). For the music listeners, there was no 
effect of stimulus item. ir.(Ucatlng that the slope of their mean function did not differ 
slgnificantfy^ from zero. 

Discussion 

The results repUcate and strengthen those of Experiment 1. The shallower slopes for 
the speech listeners on sine wave than on full formant syHables indicate, not 
unexpectedly, that their responses were less consistent for the phonetically 
impoverished and unfamiliar syUables of the sine wave dialect than for standard 
synthetic speech. Otherwise, they treated the two fonns of speech identically, as the 
phonetic coherence hypothesis predicts. The music listeners, on the other hand, despite 
their practice with the F3 tones before hearing the sine wave syUables. performed even 
less consistently tlian in Experiment 1. They categorized isolated F3 tones with fair 
consistenqr. but they were quite unable to exploit this supposed cue when they heard it 
in the context of the two lower tones. 

Nonetheless, the possibility remained that the group differences might be 
attributable to the use of labels per sc. People have had so much more experience with 
naming words and syllables than with labeling nonspeech sounds, particularly with 
labeling slight differences in the onset properties of single notes within a chcrtl. that 
this experiential difference alone might account for the relatively poor performance of 
the miislc listeners on the sine wave syUable task. Moreover, the memory demands of 
the task, which requires listeners to remember the category exemplars in order to label 
individual items from the continuum, may be much greater for the music listeners than 
for the speech listeners. 



EXPERIMENT 3 

A categorization task that does not require labels and that provides the subject with 
category exemplars on each trial would circumvent the dlfflculUes not<rd above, as 
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would a dlscrlmtoatlon task. We therefore conducted a third study, using an AXB 
categorization procedure that provides dear-cafe exemplars on each trial, but does not 
require categ^ labels (e.g.. Bailey. Sununerfield. & Donnan. 1977; Best et al..lP81) S 

miL^^S:^^ ^"^^ t^-^t P^*<=" ^^^^ low demands on short-tenn 

memory (Best et al.. 1981). 



Method 

Subjects 



n JST^ ^ ^^^^ experiment. Tlie speech bias 

condition was run on 12 subjects (6 males. 6 females), and the music bias condition on 

filSyv-' M?tlJ^ °f f • I ^ * »«Sative personal and 

If^2^ ^ ? language or speech difficulties, and each was paid $4 for 
J^Cw J'^?*Vi!?f^V°H 2^ of posttest questionnaire answers. 1 female 
S?i ^a"se she did not hear the sine wave syllables as 

speech Nine subjects wm eliminated from the music condition: 8 of these had begun to 
hear the sine wave syllables as words or syUables (6 males. 2 females) and the 
r««intag subject (a female) had failed to pe^elve the fuD-formknt ^« as / W 

iSs'ic^u'SS'^Ser -^"^ - °^ ^ ^ 13 for the speech and 

StlmttU 

The stimuli were the same as In the flrat two experiments. 
Frooedute 

n J!l5^?!f***!!!" tested under the same listening conditions as before. AU subjects 
t^^^i^J-^ °" **** <=°n"n"a: an AXB categorization teS 

andan dtoatoination test. They completed the categorization te^lJfo« toe 
JS^S^nT Sf fnS'r**** continuum, in the order (1) sine wave syllables. (2) isolated 
F3 tones, and (3) fuU-formant ^Uables. As In Experiment 1. the sine wave syllable w 
was presented first to prevent any possible Influence of exp^sureTthToSiS ^uS 
t^Z^S^r^" ''^^ 'y"*""- l^e^e wave syUaJj^Sw^s 

to''eaSrsi??«r'' '^^^"^^ ^ con%tioV™y 

^rS^t^^^^f ^ cat^'gorizatlon tests, three stimuli were presented. The first 
"^""r?* "^"^^^ throughout the test: Uie endpolnt /m/ or rStag ra iS 

stoult X C^T™„Zi£""°'' ^3 Item^e^dS^ 

sttoulus. X. var.. 1 randomly among the ten items of the stimulus series The suWecfs 

^) ^m^^'' r''!?" ^ ^ perceptu^^aSi^^'L 

rfSTtlS, fl?S5'\5!f^ ^ categorization test contained 10 blocked randomlLSons 
tiie trials for the 10 Items in the continuum. wlUi l.5-sec ISIs. 3.5-sec ms. 

uiS AXB discrimination tests, three stimuli were also presented on each trial 
^iST"''*?' B. respectively) we« Xa^thre? s^S 

?P"PJ?*t« continuum and laried from tilalto JStlle ?K 

S5i (» always matched either A or B. The suSeS's teik on the 

i^S^TJT^ *° ''^^^^^ X IdStlcH A or tf B Each 

discrimination test contained five randomizations of the 28 uLsihi.^ TvS 

configurations, blocked in groups of 14 trials, wio, 1.5-4 ?SIs.'3.5-'J^c ^ms'^^ 5^ 
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Results 

Categorizadon 

The data were treated as in the previous experiments. Figure 5 displays the group 
categorization functions^ and Table 4 lists the mean category boundaries and slopes, 
with their standard errors. Category boundaries appear to difTcr across contlnua, being 
lowest on the F3 tones for both groups. The slopes on the sine wave syllables are 
somewhat steeper than in the previous experiments: but they are still shallowest on the 
sine wave and steepest on the full-formant syllables for both groups. The music 
listeners a^aln give a shallower slope than the speech listeners on the sine wave 
syllables, and the pattern of standard errors for this continuum replicates that of the 
previous experiments. 



SINEWAVE SYLLABLE CATEGORIZATION 
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Figure S. AXB categorization functions for the speech and music listeners on each of the three stimulus 
contlnua in Experiment 3. 
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Jt^if I'lP''''"*"^ 3: M«an sat«Q07 boundarios and slopes, datarmined from 
ndivldual probit analysas on stimulus itams 2 through 10. for spaach (nil) and music 
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IVo-factor (instrucUon condition x stimulus continuum) analyses of variance with 
repeateo measures on stimulus continuum. A^re carried out on category boundarieslmd 

ctn'lSuum mif^Tii'"""'"^; ^^"^ ^ slgnmcantVect oTX'uISs 
continuum. F(2.44) > 7.16. p < .002. a significant Interaction between stimulus 

* °"u*^* palr-by.palr boundaiy comparisons gave nc 
significant differences for either speech listeners or music listeners. 

9 ^^(StS^h'?* * significant effect of stimulus condition. F[2M) = 

thlW? ♦ f^' ""i °^ instruction condition and no significant tateractton 

S^SlIfi? iir'l^^fi"'' ^'^^^ 'V"*'''^ slopes >.ere s^aXlowS tSi 

^er Xlttc^^h^^^^^ f^?? ^ F3 Sues 5id 

??Ltsto a^i^tS SS^^f '^'^"'*u^**'*^"°"' 0"- planned 

v^t^\^^^^^\^^ "^^^^^^ "st^'*"' slopes on Uie sine 

S:;^SSJSt.'^i?9§r^^^^^ ^« ^^-nce was 

nf TJ!?'/°''J^***°'^ formation on the sine wave syllable continuum, analogous to those 

IzTjTri^T'T' '^^T? * effect of stimuiufSTm S^f 

131.43. p < .0001. for the speech listeners, with StlmuU 2 throutfh 5 fonntaff on., 
category and StlmuU 6 through 10 another, according to Scheffl tSts (dTS^J^u 
?o?;S;"m**?°i2;'°°P"^""= fcrl5 wlSS^ateSr^?^^^^ 

n^"2^^**S!lfS:."'"' ^ * significant iect of stlmulu^ltcT sT- 

Discrimination 

eaS^"SKt^;^f"* f "'TS P«rf°™«n« computed for each stimulus pair In 
pattern for both groups: performance peaks on discrimination pairs that straddle or 
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abut the category boundaiy. We see a similar, though somewhat flattened, function for 
tne speech listeners on the sine wave syllables. By contrast, the music listeners show no 
systematic peaks on the sine wave syllables: performance declines across the 
continuum, as it does for both groups on the F3 tones, although the latter elicit a 
generally higher level of discrimination than the other continua. 




SYNTHETIC SYLLABLE DISCRIMINATION 

MUtIC GROUP 
mtCH ONOUP 
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Figure 6. DIacrimination functions for the speech and music listeners on each of the three £<imulus 
continua in Experiment 3. The markers above the abcissa indicate the status of each stimulus pair with 
respect to categorization judgments. Triangles indicate pairs that straddle the category l>oundary for a 
given group. Qrdes indicate pairs in which one item is at or near the boundary, Filled markers represent 
the music listeners' data, open markers the speech Usteners data. 
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V^*/ ' (ta«tructlon condition x stimulus continuum x discrimination oalr) 
analysis of variance, with repeated measures on stimulus contlnua and discrimination 
^rSSiT^?*^*^"^-.^ significant stimulus continuum effect, m.44) - 51.99. p < 
iS^il. that diaalmlnatlon peribnnance was highest overall far the isolated 

F3 tonw and lowest for the sine wave syllables. A significant Interaction bitten 
tartructlon condition and stimulus continuum. f(2.44) IfTse. p < .01 wmbliMd^th 
Scheff* tests. Indicated that the two groups differed in perf-oi^Lice oiS^n toe SSe 
mZu^L'T: S *^tJPJr^ outoerformed the r^slc llSen^! 

fnH fi.n J if* ^ '^'J^^^ Scheffd tests showed that performance on the sine wav^ 

ff^.Si?"?J?*^l'y"*"* the speech listeners, but did dE 

significantly for the music listeners. ftl.l2) = 75.58. p. < 001. 

. ^^.f^*** °^ discrimination pair was significant. F(6.132) = 16.29. o < OOOCI 
SnSS?*H*^."* overall P«fonnance level wis not unlfi™ throuiSout the si3us 
l^^ A S^.?*^*? "^""^ perfonnance on some dlscriml^tlon palrslha^ on 
»»J^«t In^Uon between discrimination pair and stlmuluS continuum 
SicHo^^li?:^^; ^ * -^^J' ^'^^^ ^"""^^ pattern of the discrimination 

JS°Jl2!,J?'!r ^ t^^-'^ay interaction of 

tasfructlon group with discrimination pair and stimulus continuum. F(12.264) - 3 01 d 

because, according to a Scheff* test of the instruction by 
di«jtalnatton pair Interaction. mi32) - 6.01. p < .01. only the speech ff^^iov^d a 
peak in peribnnance level near the category boundary on the sine v^e ^Stable tfT 

Discussion 

d^L^f^?^.?! attentlonal mode on perception of the su.e wave syllables 
SiT^^^i^t?/ P«^°"« «P«to»«ts was repUcated In Experiment 3. Evident 
the dfflwence in the way speech and music listeners categorize these syllables refiects a 
SSt^S^fJfi^'P*"*^ a function of dlffemi^ to 

sS^rt^t^^nS'?^ speech versus nonspeech stlmuU. nor in the inSlue^S of 
™ ^^^^ ^«"»"* nonspeech category exemplars. Althouah 

S^^r*^' requirement for evert labeling, as well as%resentatSrof catego^^ 
«amplar» for comparison with the target item on each trial, certainty perailtted S 

SSf oS^,i°t£r^^^* ^^'^^^^^ syllaSTcateS^S th^ 

P'*^"* experiments, these listeners were still less consistent 
«»d gave no evidence of a peak at their Xewa^^^aWe 
SI S'l^^St^n?' ^-"^i^o^ test. EvidentfyTelr categoS. su2 TSiij 
iS^ roh^stand more dependent on experimental conditions than those of the 
speech listeners Thus, support for the phonetic coherence hypottieste ^er Se 
^JSJ^^t.^ hypotheses, was considerably strenXed Tth^S 
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The results of these three experiments are inconsistent with the claim that <«y^^h 

"^P^* °' «t«ction ^d iSe^^n of <5S:me 

informatton-bearing elements or cues. AU Ustenera could correct^daskSl ^t^rn 
Wchophyslcal limits, the transitions on the isolated ra tonS^a^^tea^ 
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evidently Immune to whatever psychoacoustic interactions blocked consistent 
Judgments of the patterns by music listeners, in that the fomier classified the sine wave 
syllables only somewhat less consistently than they classified the fuU-formant 
syllables. These results agree with those of several other studies of sine wave speech in 
arguing for a specialized mode of speech perception (e.g., Best et al., 1981; Tomiak« 
Mullenix, & Sawusch, 1987; Williams, ^987). 

How are we to characterize this mode? What did the speech listeners in these 
experiments do that the music listeners did not? Consider, first, the music listeners* 
pofomiance with the sine wave syllables. In Experiment 1, and particularly in 
Experiment 3, where labeling was not required so that listeners could compare whole 
si^ials without attempting to isolate distinctive cues, the music group's categorization 
^ fimction sloped in the ''correct" direction. At least some of these listeners grasped 
certain contrasttve properties of the signals, even thoi^, according to the post-test 
questioimaire, th^ did not perceive them as speech. One suspects that, with suflklently 
prolonged training under suitable experimental conditions (such as those provided by 
AXB categorization, as used in Experiment 3), these listeners nught even come to render 
Judgments of the sine wave ^llables no less consistent than those of the speech 
listeners. But if they did so, it would remain notable that they require extenst*e 
training whereas the speech listeners require very little. Moreover, even if extensive 
training aided the music listeners, would they then be perceiving the patterns as 
speech? The answer would surety be yes, if they could teU us the names of the sounds 
they had heard— that is, if they had discovered the articulatory patterns implied by the 
signals. But if thqr could not tell us the ruunes, the answer would be no. Their condition 
might. In fact, be much like that of non-human animals trained to distinguish between 
speech sound categories (Kluender, Diehl, & Killeen, 1987). Alternatively, they might be 
categorizing the patterns on adventitious nonspeech properties, rather as a color-blind 
individual might correctly classify two objects of different colors on the basis of their 
dlflerences in brightness rather than of their differences in hue. 

Consider here another class of listener well-known to have difficulty with the 
English /r/-/l/ distinction: monolingual speakers of Japanese. Figure 7 displays a 
group categorization function for 7 such speakers attempting to classify fuU-formant 
patterns on an /r/-/l/ continuum similar to the continuton of the present experiments 
(MacKaln, Best, & Strange, 1981). The function is remarkably like that of the music 
listeners attempting to classify the corresponding sine wave syllables: some of these 
Japanese listeners also seem to have captured certain contrastlve audltoiy properties of 
the signals. However, unlike the music listeners, who were diverted from hearing the 
sounds as speech by being trained to attend to an acoustk: cue rather than to the whole 
pattern of which it was a part, these Japanese listenera were diverted because they had 
not discovered the relevant properties of contrastlve sounds spoken in an unfamiliar 
language. However, we know that, with sufficient exposure to the English /r/-/l/ 
contrast in natural contexts where it serves a phonological funcUon, Japanese listenera 
can come to hear the contrast correctly and categorically (MacKaln et al., 1981). What 
have they then learned, or discovered? What, more generally, ;.as any second language 
leamer--or, indeed, any child learning a first language— discovered, when the auditory 
patterns of a target language drop into phonological place? Presumabfy, they have 
learned to do more than classify auditory patterns consistently. They have also 
discovered the correct basis for dassiflcaUon, namely, the articulatory structures that 
the patterns specify. 

NoUce that this formulation artempts to resolve the notorious lack of 
correspondence between a quasi-continuous acoustic signal ar^ its abstract linguistic 
predicates by positing an event with observable, physical content— the articulatory 
gesture— as the ftmdamental unit of both production and perception. We are thus dealing 
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SlUif n!J^.5 "^y^^l"^ ^ »P^''« and time, accessible to treatment according to 

SS?^ljS s2S^TSlL^°?JSi?!:'^^^^ ^^''^^^^^^ 1^6: Kelso. TuSS & 
»um 1 J83. Saltzman & Kelso. 1987). THe task for perceptual theoiy is then to uncover 

2!JL^y'"!J!r'P*'"" * particular patterS of gestures. TTiVsTacXtta 

S!S!?f "^P^y ^« * coUectlon of tadependent cum Solved a^ bv 
(artlculatcMify) unconstrained manipulation of a terminal analog synth^S^ buf sete 

^t2S^^^Xr^"^«!r ^^"'^ ^-"^-^^^ pattems^«Vs;id1,^ 
lOOr 
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We should emphasl2se that we are not here aigulng for a Imotor theory" of speech 
perceptioix We are not proposing that the process df arriving at a speech percept engages 
mechanisms outside the auditoiy ^tem that humans share with mai^ other animals. 
What is spedfllc to speech* and to humans, is the final percept, a phonological structure 
determined by the structtire of the artictilatory gestures firom which the signal arose (cf. 
Repp, 1987). Since (as the Japanese listeners show) this structure is inaccessible to a-^ult 
humans, unless they can assimilate the sounds to the phonological categories of a 
language thqr know (see Best, McRoberts, & Sithole, 1988), we assume a/ortiortthat it is 
also inaccessible to the infant who does iu>t yet know a kmguage. The infant's task is to 
discover the phonetic coherence of phonotoglcal categories in the surrounding laiiguage 
by focusing attention on recurrent auditory contrasts that signal changes of meaning in 
that language (see Jusc2yk, 1986; Studdert-Kermedy, 1986, 1987). An artlculatory 
"representation" of the phonologically contrastlve patterns is then an automatic 
consequence of the species-specific perceptuomotor link that underlies the child's 
capacity to imitate speech patterns, and so to learn to talk. 

Finally, although we have couched our experimental procedures in terms of 
attention* we do not mean to imply that the processes of speech perception can be 
engaged or disengaged at win. For, although some listeners can choose to attend or not 
to attend to partteular aspects of a speech signal, such as a speaker's "accent," cr even 
the spectral properties of a fricative noise (Repp, 1981), it is difficult, if not impossibIj« 
to hear natural q)eech, spoken deariy in a language that we know, as nonspec^. And, 
as we have already remarked* listeners who have once heard a particular sine wave 
pattern as speech find it difficult later to hear that pattem--or any other sine wave 
pattern modeled on speech~as entirely devoid of phonetic structure. Evidently, 
perceiving speech-like patterns as speech is as mandatory, automatic and unconscious 
as, say» perceiving the rhythm and meloc^ of a nonspeech auditory form. 
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FOOTNOTES 

•Peregption mid P^^yckopkyiia, 1989, 45^3), 237-250. 

Ulso ^«9leyan University. 

^Alflo Univmity cf Connecticut aid Yale University. 

^^^Massachusetts Institute of Technology. 

♦^^♦NYNEX Sdence and Technology, White Plains, NY. 

^In this paper we use the term ^hert, and its derivatives, to refer to the e^ of a perceptual process 
by which listeners apprehend a complex signal as a unitary pattern, or configuration, rather than as 
a collection of discrete elements. In vision, we may add to the many examples ^miliar from 
textbook treatments of Cestalt principles, the phenomenon of face recognition, where the identity of 
a tece emerges as a holistic pattern, not simply a collection of discrete features. In speech, the 
unitary patterns would correspond to uniu of linguistic function, such as phonemes, syllables, 
morphemea, words. 

because the first rtimulus on the continuum had a slighUy MUng transition (originaUy intended to 
help bias the full-io. juint series toward /I/, as noted above), listeners (parHcularly the music 
listener! on the sine wave syllables, and both groups on the F3 tones) tended to judge this stimulus 
with sUghtly lew consistency than its neighbors (see Figures 2 through S). As a result, proWt analyses 
tended to yMd lower slopea than were characteristic of the main bodies of the functions, and so to 
exaggerate the slope difftrencet between groups and conditions. We therefore omitted this 
stimulus from the probit analyses: aU computed means and slopes in this and the following 
experiments are based on analyses Df individual functions for stimuli 2 through 10. 

Not^ further, that by converting the standard deviations of the underlying distributions into their 
reciprocals (the slopes of the cumulative functions), we went some way toward homogenizing the 
group variances, as appropriate for subsequent analyses of variance. At the same time, we reduced 
the apparent differences betweenj^roups across stimulus continue. For exam»>le, in Table 1 the 
difference between the mean slopes for the two instruction condiHons U not much greater on the 
sine wave syllables (0.80 - 0.14 - 0.66) than on the full fbrmant syllables (230 - 1.70 « 0.60). But the 
diffierence between the mean standard deviations for the two conditions is very much greater on the 
sine ivave syllabtea (1/0.14 - 1/0.80 « 5J9) than on the full fbrmant syllables (1/1.70 - 1/130 - 0.15). 
The reader should bear this in mind when comparing slopes depicted in the figures with slope 
values listed in the ubles. 

30ne of the five music subjects from Experiment la, who returned to take the speech test, later turned 
out to be the one we rejected from that experiment because she had heard some of the sine wave 
syllables as ^sounding Uke r.** Ho%vever, her data were not appreciably different from those of other 
music listeners, and so we retained her in Experiment lb. If her tendency to hear some of the sine 
wave syllables as r-Uke had facUitated her categorization of these sylUbles, the result would 
presumably ha^Ae been to reduce the differences between instrucHon conditions. However, the 
resulu of sutistical analyses or the data of Experiment lb were unchanged when this fifth subject's 
data were eliminated. 
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Reception of Language in Broca's 
Aphasia"*" 



Donald Shankweiler/ Stephen Grain/ Paul Gorrell and 
Betty Tuller^^t 



Thu experiment tests between two competing hypotheses about the source of 
fMures in comprehension by Broca-type aphasics with agrammaHc production. 
These are characterized as 1) the hypothesis that these aphasic individuals 
have sustained a partial loss in syntactic knowledge, and 2) the hypothesis that 
dapite intact structural knowledge, they suffer from inability to put that 
Imowledge to use in comprehension tasks sw h as object manipulaHon and sentence- 
picture matching. To decide between the hypotheses, this study compared the 
spud and accuracy of Broca-type aphasics xoith a control group of normal subjects 
usmg an on-line grammaticality judgement task in which the anomaly involved 
closed-class vocabulary items. The results are in accord with the view that the 
source of a^ammatic performance is not a loss of syntactic knowledge, since the 
responses of the aphasic group closely mirror those of the control group (e.g., word 
position effects were found for both groups). The results are inte^reted, imtZ 
as support for the alternative view that agrammatic aphasics have difficulties 
m processing syntactic knowledge. " 



INTRODUCTION 

B^T^^^J^JTrWT^^ * °^ symptoms that is chakcteristic of 

Brocas syndrome ttie most notable feature of which is a marked reduction In Huencv 
TJe utterance of the persons we studied consist for the most part ofsh^phrSS* 
often haltingly and effortfully produced and with considerate conSrl?«Si rf 
vocabulary^ It is untenable to suppose that these symptoms are the resu^t^uX rf 
2S;*^T"?f speech bS^ause thl onS^Jn of wo^s t 

?2j^lS^i5™™°**^^ ^ P^^«" ^"'^ ^«bs and preposmSS^ 

1922. Pick. 1913) to underscore the selective nature of the omissions- the worri* fhaf ar-I 

closea Class ) words of the sentence (articles, prepositions, auxlllarv verbs etc i fh ar, 
the content (or "open class") words. Omission of tSL it^ ^iT^^ri^^t 
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are not well-foxmed. Ttus the concept of agrammatism carries with it the idea that at 
the core of Broca's qrndrome is a dlstutbance In the structiire of spoken language. 
Alternative^, these individuals might retain the critical structures but suffer from 
inability to put the knowledge to use due to a limitation in processing. As a step toward 
devetoping a satisfactoiy understanding of the aphasias, we carried out an experiment 
to test between these cooqpeting l^potheses. 

Orlginallsr. the concept of agrammatism was used to designate a disorder of speech 
output but as a result of more recent developments in research on aphasia it is aiguable 
that the deficit that underlies this condition is in (act more general, such that both 
production and comprehension are often impaired (Bemdt & Caramazza. 1980: 
Bradley. Garrett & Zurif. 1980: Caramazza & Zurif. 1976: Goodglass. Gleason. & Hyde. 
1970: Hellman & Scholes. 1976; Parisl & PizzamlgUo. 1970; but see also Mlcell. 
Mazzucchi. Mec.*, & Goodglass. 1983. for an indication that comprehension deficits are 
not always associated with ag r a mm atic production). The comprehension impairments 
that are often part of the symptom picture in aphasia of the nonfluent type may escape 
notice because the aphasic individual usually appears to tmderstand what the examiner 
says. Practical judgment and reasoning capacities are often remarkably intact, 
allowing the deficit in grammatical processing to temain hidden. 

In a pioneering attempt to isolate the source of the language comprehension deficit 
associated with Broca's aphasia. Zurif. Caramazza and Meyerson (1972) applied a 
metalinguistic Judgment procedure in which aphasic subjects were asked to indicate 
which words in a sentence belong together. These investigators concluded that Broca- 
type subjects failed to use qmtactic categories in making their Judffnents. using other 
grouping strategies instead. In later research. Caramazza and Zurif (1976) tested 
comprehension of syntactically complex sentences containing relative clauses by 
means of a picture matching tesk. It was found that patients diagnosed as Broca's 
aphaslcs performed poorly on implausible sentences and sentences that were 
semantically reversible, such as (1). 

(1) The lion that the tiger Is chasing is fat. 

In the absence of context, the meaning of such sentences cannot be inferred by appeal to 
world knowledge. Together, the findings led the authors to propose that their Broca 
subjects were "a^tactlc" in comprehension. They attributed the apparently intact 
comprehension displayed by these individuals in ordlnaiy social communication to 
tmimpalred "heuristic- strategies: the aphasic subject simply combines the meanings 
of the individual lexical items in a plausible way. thereby compensating for the loss of 
^tactic ("algorithmic-) analysis. Caramazza and Zurif took a large step toward 
identifying the source of the comprehensitn disturbances in Broca's aphasia, but it 
remained an open question how th«:se dlfllcultles were related to the impalnnents in 
production. 

A linguistic account which explicitly ties together the production and comprehension 
impairments was proposed by Bradley ar her colleagues (Bradley. 1978: Bradley. 
Garrett. & Zurif. 1980). This proposal focused on the role that the closed-class 
moiphology plays in models of noimal language processing. » According to the Bradley 
et al. model, the ctosed class portion of the 'exicon can be accessed by two routes, but 
oiily one of these is ordlnailly used in parsing sentences. In agrammatism, that route is 
selecttvety ttnpalred. although agrammatic aphaslcs still retain closed class items in 
their mental lexicon. This dual route hypothesis permits Bradley et al. to suppose that 
agrammatlcs have lost only the ablUty to use the closed class vocabulary in 
constructing phrasal structure for sentences. But as a consequence of disruption to the 
mechanism that accesses this vocabulary, there is impairment of syntactic operations 
both in production and perception. The idea of double representation of closed-class 
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words In the lexicon has been challenged on empirical grounds (see Gordon lasq- 
Gordon & C^amazza. 1982). Itiough the noUon of btfurcauSn ofthe le^con r^y^^^ 
to be abandoned Bradley and her colleagues attempted to pro^e a^motct 
explanation for the deficits that commonly^co-occur in Broca-Wnranha^? foth 

^e^nfT'"^"^^"?*^" '^""^ were'seen'S ^So^Jf X^iem o' 
some of the procedures for lexical retrieval. H«uimciu oi 

th«tt^Sr^JtS?** * °^ «t ^ consistent with the possibility 

toat syntactic knowledge Is retained In Broca-type aphaslcs who have comnrSeMtan 
difficulties. Difficulties would arise If the nonS routes ^acc<L Tsto^d w^Sc 
knowledge were blocked. Alternatively, the source of the dlfflcully coul"bel?^me 
poart-jymactlc level. Data addressing this issue were obtained by SiSer ^hwaS^ 
and Saffian (1983a). Dissatisfied with the ambiguity In Inte^reS^^^e 'iSutt^S 

aSfa;;i'^nSl?^'~°iP"^f^°"' "^"^ ^^Vors Ske^h7t^e^BI!Sa^ 
ti!?^:* "?.^!f^^! of constructing ^tactic representations by having them ludtfe 
^n£^**?"^ of auditorily presented sentences. They found iwden^Trf ^rv?J 
sensltMty to tranafonnatlonal operations, subcategoiteatlon of vert)s ^d ^iSS 
partial aensiUvity to the syntactic functions of some closed-cla J J^abtSary it^ 
Stace the aphaslc subjects studied by Unebarger et al. had bwn foSnd t^ai^ 

JSS: oS*^*5"^'-Pf and acting out tests. th°nu«e2s 
grammatical^ Judgments came as a surprise to adherents of the a^tacuc 
l^^- ^^^'^ to fly in the face of previous rc^areh JSd IhSSS^ 

whlcj had sought to establish that a phonological or syntactic defictt wm rwSSf 
^L^*'^^^'^'^ dlflOcultles of a^nmiatlcXhaslcsTme jSiSStTsk 
^T^^'SS^^*^ competence, then some comfonent of lan^^^^^sS^ 
at a hlghCT level than the syntax must be responsible for errors that UiS SiduSs 
make on standard measures of sentence comprehenslon.2 " "»at inese individuals 

in view of the importance of the questions raised by tlie findings of Unebartfer et al 
the theory and methodology of comprehension testing InTnhMte is dS^ 
undergoing thorough scrutiny (Caplan.^985: Car^S& Bemdn9^5^^rvtn 
SXJ^t'Sr'' P'^d^tably. the coZ^ tt^S^'^i^!^{,^^ZT, 

J^JSL^r?^ competence has not gone unchallenged (Caplan &Xtter 1986 
S^SS^f®' ^^£1* Orodzinsi^, 1983). The debate hinges on the pS,l^ of 
inferring competence from various kinds of test data. In deciding how dSL S.n,?l>, . 
source of comprehension failures should be evaluated we ^Sl^hS?^.^?2^ ^ 
^.SJSSff**'" P"»^'™ lle^toou^hTrl?^ f^a^^^^tS;'^ 

inese two criteria are often in competition, because we ar^ tr^r.^ *^ ^. * , 
"•^^mK^mTn^S.^^^^L^T^!^'^ " '"tfo'^to syntactic and 
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task whenever the plan associated with a sentence is as complex as either its ^tactic 
or semantic structure, sixxre failure to perform accurately in this circumstance cannot 
be unequivocally interpreted. This ta^ also frequent falls the naturalness criterion, 
because subjects are asked to act out sentence meanings in the absence of prior context. 
This renders the task inappropriate for any construction that bears presupposltlonal 
content* since, by their nature, presuppositions must be satisfied before an utterance is 
made (for a dis c ussi o n of haw the failure of researchers to satisl^ presuppositions has 
masked children's knowledge of syntax, see Hamburger & Grain, 1982). 

Let us now apply these criteria to the grammatlcality judgment task used by 
Linebarger et al. (1983a). Conskier first the criterion of univocallty: the semantic and 
planning stages are laigely circumvented in this task since the subject has otify to 
indicate whether or not the test sentences are grammatical, but there may be sources of 
ambiguity inherent in this technique, too. Unless proper controls are built into the test 
sentences, there is no way of knowing which llngulsUc level of representation the 
subject is appealing to in making the Judgment. When a sentence is made 
ungrammatical, even by the substitution of a single word, the sentence that results may 
be s em a nt l c a By anomalous as well as ^tacticsOly deviant. Also, the substitution may 
alter the prosody, creating an anoma^ which the subject could conceivably detect 
without performing a structural analysis at all. However, if sentence meaning and 
prosody are adequately controlled, the grammatical judgment task would presumably 
meet the crtterton of univocallty. 

The second crlterton for evaluating comprehension tasks is naturalness: does the 
grammatically judgment task reflect normal sentence processing? In a reply to 
Linebarger et al. (1983a), Zurlf and Grodzinsky (1983) challenge the grammaticaUty 
Judgment task In assessing the syntactic knowledge of aphasics on the grounds of 
naturalness. They contend that ''given the luxury of conscious reflection permitted by 
acceptability Judtfcnents, one nUght expect not to tap normal on-line processes." They go 
on to speculate that the judgment task employed 1^ Linebarger et al. (1983a) would 
allow an agrammatte subject ... to use processing routes other than those by which 
structural information is normally made available at the appropriate time for 
interpretation (p. 208).* Thus, in their view, success on this task could draw upon 
metalinguistic abilities that stand apart from the usual operations of the language 
understandlqg mechanism. 

Resolution of the issue of naturahiess hinges on what characteristics are imputed to 
the human sentence parsing mechanism. Various conceptions of how the parser works 
have been proposed, but maiy questions remain open. For example, no consensus 
exists concerning whether the parser operates in a serial or in a parallel manner 
(Frazier & Fodor, 1978: GoireU, 1987), or whether its mode of operation is deterministic 
or nondetermlnlstic (Fodor, 1985: Marcus, 1980:). There is widespread agreement on 
one characteristic, however. As Zurlf and Grodzlnslqr suggest, it is widely accepted that 
the opemttons of the parser are carried out -on line," allowing the rapid construction of 
syntactic and semantic structure as the input string is received. 

While we know of no explicit deflniUon of on-line processing, we consider three 
laboratory phenomena tc ^ indicators that the parser constructs a representation as 
the sc^^tcnce unfolds. Fir, there is evidence from a variety of sources, including the 
present gtu<|y , that decisions about both ^tactic and semantic structure are made 
before the pereeiver has heard all the words of a sentence (e.g.. Grain & Steediran, 1985* 
Marslen-Wllson, 1975). Second, there is evidence that processing load increases as the 
distance Increases between words that form discontinuous corstUuents. such as 
verb/particle constructions or agreement in number between a determiner and noun 
Discontinuity la seen to tax working memory resources by postponing the closure of 
^tactto categories. Setting askle a constituent to await other elements with which it is 
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2««t^^SI.!* S?l"!^ "^"^^ *° °^ """O'y resources (e.g.. Wanner & 

Maratsos. 1978). Hiis Is consistent with the claim that the oarser worlM^nn.? 
efficiently when It can fonn consUtuents locally, on a wort S wSrt 4^ 

w'^l^^^iw^'^JJf Pr^«»^ also provided by many detection expertments which 
tod that the Identincatlon of a target segment-a spedlte phoneme. iSteTorwori^^ 
^ as a soitenoe progresses. We call this the wo^io^n eff^3 The ^ort^SJ^^ 

wurse of parsing, the perceptual processing system asslg^ stiS:tureTasentence 
without waiting until aU its words or constituents havetrrlved. auJwiM toJJJ Srel 
InformaUon to be rapidly segmented and shunted upward through th^rS^ tZ 
enables the processor to woric on several levels In parcel withS a^nanSw^^o^S 
oijr a few words (e.g.. Frazler & Fodor. 1978: MaiSus. 1980). Uter^^JS^aHeJ^ted 
faster because assignment of a structural analysis reduces toe nuLbHf^lS^qulnt 
structural options that otherwise would be pursued. This. In tuni frees uo 
Sl"SSS2«!^" "^f*'? tasks. Since SS;i^Uon iS 

^^^^Z?^ ^ " '^^y^ JBaddeley & Hitch. 

1974. Conrad. 1964). the availablUty of a mechanism for the rapid on-line tatetfratloii 
of incoming information is essential for the interpretation of t^cndcTs^ho^ 
It is surpnalng in view of the interest the quesuon has generated, that the available 
data on comprehension in agrammatism leaves open the question S h^ell 
aparmnatics can process items In the closed-class vocabulary to t^te Sa? tapToi^ 
(or^-Une) sentence parsing operations. TTie experiment of UnebargerTtS (iK^ 
not deigned to a»ess the on-line processing capabUlUes of theSjSto.' Nonetoel^ 
any attempt to dismiss the grammaUcality Judgment task on a ^^il^^^s 
unwarranted, since sv.n post hoc Judgment cSuld in principle reltect s^cSrS 
^^""Z^'^'^^J^ the subject on line. TTie purpose of the preSSt^l,|a^^ w2 
to study the quesUon of whether agrammatic and normal soeakeiTuM TmniTr^ 
knowledge of cloaed-dass words in thetame way. both In ^uSS^tecS stSS?,^ 

'^^^ !r declslorfS^S^SS in 

^^SfSS^'lf^^if materials and procedure, we have been mindfulSttre 

'^^^^fLr^S^^'"'' "^"^^ °" infe^re^^r S^S: 
experiment satisHes the criterion of naturalness in so far as it wa« 
r'"^ !2lf*^" agrammatlcs assign syntacWcTructure on Itoe We 
developed a chronometrlc technique to test the speed and accuracy wtth w^ci^^oJl^ 
control subjects and aphasics can detect grainnmtlcal enSS to sStencSl 
graminatlcality turns on the use of a cloSdS vocSry it^ -SJe te^h^^^^^^ 
converts the ordinary grammaUcality Judgment task mto onV^'^t * 

im^ir^^t'^^^Xt^^a^? Th ° ^2^^^ h^^ ^^"^^^ "^^^ 
impaired gramrX^ USS^e iSvoCg 5fe cTed da^mo^^^^^^^ 
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selective Impalnxient at the level of S-structure. On Grodzlnsky*s hypothesis, both the 
pr'xiuctlon and comprehension problems of agrammatic aphasics reflect impaired 
knowledge at this level of representation: what is lost in agrammatism is the lexical 
content normally present at the terminal nodes of closed-class vocabulaxy items in the 
construction of a representation at the level of S-structure.^ Items belonging to different 
S3mtactic categories should be preserved, despite loss of sensitivity to distinctions 
within a category. So, for example, if an adverb were inserted in a sentence at a 
terminal node that requires a determiner* the agrammatic subject would detect this 
substitution, and would find the sentence anomatous. We will call this a between-class 
substitution. An example is given in (2). 

(2) ^e cabdrtver foxgot to bring the senator to away rally. 

It follows from Grodzinsky*s hypothesis, however, that a substitution within the same 
form class would not be noticed, even if this substitution leads to grammatical 
violations. A wlthln-dass substitution of this kind occurs in sentence (3). For sentences 
like this, agrammatic aphasics would simpfy have to guess whether the correct item 
was present under the auxiliaxy node, as in (4). 

(3) *Peter have planning to see a new movie Saturday .^t. 

(4) Peter uxis planning to see a new movie Saturday night 

To test Grodzinsl^s proposal, the ungrammatical sentences in thf". present siudy 
contained violations of lexical insertion both within and between classes. Since 
agrammatlcs cannot look* imder the lexical node in (3) any more than in (2), they 
might respond In the same way to both sentence types. On the other hand, a sul^ect who 
is overacceptlng would respond correciiy (although for the wrong reasons) to sentences 
like (3), bu^ not to sentences like (2), which contain a grammatical violation. 

Method 

Subjeds 

In the present study, our strategy is to compare performance of normals with 
nonfluent aphasic sub|ects who have been selected using liberal criteria. Wc luired 
only that the aphasics satisfy an operational definition of agrammatism by evincing 
significant limitations in production of closed-class vocabulaxy items. 

Six normal subjects and six aphasic subjects participated in the experiment. AU were 
native speakers of English with normal hearing. All were fully ambulatory and able to 
travel to the testing site. The characteristics of the aphasic subjects are summarized in 
Table 1. In each case, the aphasic symptoms were attributable to stroke which had 
occurred from 3 to 14 years prior to testing. Hospital records dating from the acute 
phase were scrutlnired. The diagr^ostlc workup included CAT scan for all patients 
except LS. The clinical neurological examination revealed right hemiplegia in each 
case and the scan data indicated infarction in the territory of the middle cerebral 
artery, predominantly frontal, but with varying degrees of posterior extension into the 
S3^vlan r^n. All the aphasic subjects had received diagnostic aphasia testing prior to 
the present stucfy, including portions of the Boston Diagnostic Aphasia Examination 
All were Judged able to understand the task directions. 

As may be seen from Table 1, each aphasic subject showed frequent omission of 
closed-class vocabulary items and marked reducUon in of speech output. Their 
responses to the •cookie theft- picture are agrammatic also in the sense that most of the 
smtences are not well formed, mth regard to comprehension, however, the subjects 
show IMS homogeneity. Only four of the six subjects showed significant Impairment on 
comprehension of passive voice sentences. Two of the group comprehended both sets 
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ncariy without cm)r. and one of iheat was perhaps the most severely affected of aU the 
subjects In prcxluctlon. 



TABLE 1 

APHASIC SUBJECTS: BACKGROUND DATA 



tUBJ 


AOt 


EOUC 


inOLOQY 


COMPRCHfNSIOH 
•DAE ACnVi PASSIVE 


PROOUCnON 
tOAE COOKIE THCrr PICTURB 


•w 


47 


12 


dlMMWll \ lWfW} 


1.0 


9t 


98 


Mom It waiNno h«r... dishtt and htr dtotMt. But i 
Hff... Mm It uh... (af and oott do«vn th«t. 


*ME 


5t 


It 


C««MArttfy 


0.6 


98 


S8 


CooMtt dar.noL.. wMa )ar. Tin. wt. tlool Watn 
dWMt. 1. np. tht It... watMno dMi9t. SN pour... iho... 
tht pour waitr. (Whort?) Sht PQur..^waltr floor.... 


•V8 


ei 


12 


MiiCtLMd 
CwnMArttry 

(1970) 


0.7 


SO 


80 


^iSSL^^!?^^^'^'''^^^- Tho Omid and Kaihy ... 

«owot. Faion. tho... ma... 

ckunp... flQwrino. Tlia chair it... iha boy It coumar. 


•LS 


52 


12 


OodUiion. L Mid 
CifiMArttfy 

(1974) 


0.4 


•7 


'a 


^iS?'^*^ "*^" '^•••••'•icotjunrtno... 
aboy.aailnooooklt9...aallnomaoooWaa..^ 


AK 


70 


4 


lnlM.LMkt 


0.7 


79 


42 


^SS** ^ EH. A.t... 
ooo^Jilat. Old oooMo. Mottiar. j..t... not took. 


EO 


M 


12 


lnlaicl.LMU' 


0.2 


71 


29 


Houti... Miehan... woman daan dahat. Tha aM( it 
ful... waiar.» apWno al... ovar 



dPJi 

jJ^sndLSa^ 

'Tjy ptw9nii09samb«aadonA\anowparim^ 

tofC9^^twi09 PfOOSdUftt 

Hie noimal subjects were adult speakers of English who were matched approximatelv 
lor age (mean 51 years) aiid education (mean 14 years) with the aphaslc group W*- will 
refer to them as the reference group. 

MateriaU 

•Hie stimulus set consists of 112 sentences of ten words each, half of which are 
ungrammatlcal. Forty of the ungrammatlcal sentences contain a single grammatical 
violation involving a closed-class itsm. These, together with their matched 
grammatical control sentences, are listed in the Appendlx.e The grammatical 
eolations were of four kinds: each Involved a determiner. preposltlonT particle or 
verbal element The four categories were equally represented. In each anomalous 
sentence a word (or a bound morpheme) occurred which, in that context, made the 
sentence ungrammatlcal. We call this the target Foi example, one lype of violation 

^"T^^ ^f^"" ^ determiner and a noun, as in sentence (5). 
Here, the taiget ^w)^i is the plural morpheme s. 

(5) Hie banker noticed that two customer<_> deposited the checks late 
Control: The saikr noticed that three shipmates left the dock early. 
Detection of the ungrammaticaUty in (5) requires access to the grammatical feature 
"^y^P^"?" TS^^^ determiner and the aflBx of th? noun. We wiU refer 

to the deteimLier (DETl in this case as the licensing word since the recognition of its 
features is essential to detection of the anomaly, even though it is not itself the word 
that we o^ted people to alter to make the sentence grammatical (i.e.. it is not the 
taiTget word). In contrast, in violations involving particles (PART) such as (6) the 
H<!!S!^'^? 18 an open class Item, the verb "picking." whereas the target is a clwed- 
Class item, the particle on. 



RteeptioH in LmguMge in Broat't AphM$ia ., ^ 



128 



(6) Picking the btrthdsy present on would be nice for Susan. 

Control: Picking an expenatw giift out will be pleasant for George. 

For half of the sentences the substituted item preserves category membership (e.g., an 
inappropriate preposition for an appropriate one); for half it does not (e.g., a 
preposition for a determiner). For evexy ungmmmatlcal sentence there is included a 
grammatical (control) sentence matched with it in length and structure, as Ulustiated 
above. Also controlled Is serial position of the taiget word, i.e., whether it occurs near 
the beginning (within the group consisting of words 1-3), middle (words 4 - 7), or near 
the end (tf the sentence (words 8 - 10). An additional factor is the proximity of the 
closed-class taiget item to the word which determines its appropripteness (e.g., a 
determiner and a head noun), if the licensing word and the target word ar^ adjacent, the 
proximity Is CLOSE, as In (5); If separated by at least two intervening wo)ds, it is FAR, 
as m (6). 

Tlie test sentences were tape-recorded at normal conversational speed and the 
waveforms were dlglUzed and stored. The test tape was prepared with the aid of a 
waveform editing program at Hasklns Laboratories (WENDY). Ihe procedure was as 
follows: for each ungrammatlcal sentence, a pitch pulse was placed in the nonspeech 
channel to coincide with the onset of the word that caused the ungrammaticality (the 
target word). In order to accomplish this, the waveform for each target word was 
displayed with expansion of the time scale such that the onset of voicing could be 
located reliably. A timing pulse was placed at that point in each of the ungrammatlcal 
sentences. Tills procedure allows us to discover i the subject Is responding before 
hearing all the words in the sentence. The timing pulse triggered a response-time clock 
(accurate to 1 msec) which was stopped by a subject's key press. (For the grammatical 
control sentences, a pulse was placed at the onset of voicing of the Initial word in the 
sentence. Since conect responses to grammatical sentences must always occur after the 
last word, no further use was made of response-time data for thCK sentences.) 

Care was taken to exclude extraneous cues that might cfifer a spurious basis for 
Judgment by permitting the subject to capitalize on a prosodlc or semantic anomaly. 
Such extra-syntactic factors were controlled for as follows: First, the possibility of 
Inadvertently creating tmgrammatlcal test sentences with anomalous prosody, which 
might cue the correct response wLtliout syntactic processing, was minimized by 
recording and presoitlng each target only once, at a normal conversational rate, and by 
avoiding unnatural discontinuities that occur when tape splicing is used. Secondly, a 
trained speaker was employed in preparation of the stimulus tape. The speaker was 
Instructed to read each ungrammatlcal sentence as though it contained a 
grammatically appropriate word in place of the anomalous word, thereby creating a 
sentence token that, though ungrammatlcal, conformed to normal prosodlc contours, 
hi order to avoid confounding syntactic analysis with sensitMt}^ to semantic and 
pragmatic factors, the sentences were designed so that the meaning of the sentence was 
transparent and semantlcaUy plausible despite the presence of an anomalous word. 

Another so tree of possible variability needs to be addressed. Each of the 
ungrammatlcal test sentences could be rendered grammatical by changing a single 
word, namtfy the word we designate as the taiget word. But, of course, each sentence 
could also be corrected in numerous other ways. For example, even the simple sentence 
She were turtttng a letter can be corrected as She was writing a tetter, or They were 
writing a letter, and so on. Therefore, one caxmot assume without argument that 
subjects will always identify a particular word as the anomalous item. But Just this 
assumption la critical for our analysis of on-line processing, for example, regarding the 
interpretation of the word-position effect. 
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A review of the relevant research indicates that people are remarkably consistent in 
the word they identify as anomalous in ungrammatlcal sentences like those we 
constructed for the present study (Craln & Fodor. 1987; Freedman & Forster. 1985). 
Returning to the example given above, this research leads us to expect that subjects 
would consistent!" correct the sentence to yield: She was writing a letter. Correcting the 
sentence in this way suggests that speakers of English typfcally pursue a strategy which 
proceeding from the left, accepts as many words as can be incorporated into a single 
structural representation. A percetver who is pursuing this stratMy locates the 
anomaly on the last alternative possibility. This led us to es^pect a consensus among our 
subfects in how the anomalous test sentences would be construed. 

We vaUdated this expectaUon empirically by asking 20 undergraduate students to 
correct the anomaly in each test sentence, to discover whether or not they would correct 
each sentence by changing the target word and that word alone. The results of the 
correction task revealed that 93% of the responses were either alterations or deletions 
of the target word. By extension, we can suppose that the aphasic subjects and the 
reference group of the present experiment display a comparable degree of consistency 
and that their Judgments reflect a common diagnosis of what is wrong with each of the 
anomatous sentences. 

FM>ceduK 

Subjects were tested individually in a sound-treated room. They indicated their 
responses to each test sentence by a key press. The response keys were labeled with 
cartoon faces: a smiling face to indicate a grammatteal sentence, and a &ovmina face to 
tedicate an ungrammatlcal one. The subject's task was simply to press the appropriate 
key as rapi^ as possible on hearing each test sentence. Subjects were instructed to 
press the frowning face key as soon as they detected an ungrammaticality. and not to 
wait until Oie end of the sentence. A practtee session consisting of 12 sentences with 
examples of each type, was used to ensure that each subject understood the task. ' 
Scheme of the data analysis 

,.nii!!!H-!) *f?f °^ measures of response time and accuracy for the 
unjaminatteal (target) sentences was carried out to assess the between-subjects factor 

ass^M^TtS^rtSi^^^ ^-o- 

B^'XS^J^l^^r'^'^' "^"^ ^^-^'^ ^ -"tence. Le.. 

W substitution type: whether the subsUtuted closed-class item presences catecorv 
membership, te.. WITHIN- vs. BETWEEN-class violations. P^scrves category 

cSe'J^ISr •* °^ closed-class item to the licensing word. l.e.. 

(iv) categoru: four categories of closed-class words are represented determiners fDEm 
SSSTt/^^"*'' °f verbal iter^ThT^ 



Results 



^ata fit)m both the normal subjects and the aphasic subjects were 
combliied. and parallel ANOVAs were carted out on aie response-time and Scuraw 

v^bThll ^'ZSHT*^ r ^ anticipate eaS sSSctuiS 

variable had a signlflcant effect on reaction time. Likewise aU hut nn^ haH o 

2JJim»m^oj^^ rate (onfy posUion failed to re^S^^^Sficance)' Co"rLSe^ 

first the response time measures, the results of the analysis for the combined dnta from 
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both groups are as follows: posUioru f!2,22) > 21.79: p < .01: proximttu, fll.ll) * 22.50: p 
< .01; subsWuttantype. fll.ll) -4.83: p< .05. and category, Ft3,33) ■ 10.40; p< .01. VOth 
regard to errors, three o( the four variables were again significant. The results are as 
follows: posttfon, F[2, 22) ■ 2.04; p < .15. proximUy, Ftl.ll) s 9.18: p < .01. subsatutton 
type. F(l.ll) ■ 8.27; p < .02, and category. F(3.33) ■ 2.81; p < .05. We consider the 
Interpretation of these results presently when we discuss further analyses that test for 
differences between the subject groups. 

Table 2 suxmnarlzes the accuracy of responses by subject. The top half of the table 
gives the percent correct for the ungrammatlcal sentences and their grammatical 
controls for the aphaslc subjects: the corresponding data for the reference group are 
given In the bottom half. It may be seen that five of the six aphaslc subjects performed 
with a higher level of accuracy on the grammatical control sentences (column 5) than 
on the sentences containing grammatical violations (column 2). The means were 80% 
and 75% correct, respecttvety, so the level of perfonnance was roughly equivalent for 
both sets of sentences. In no subject was the discrepancy greater than 11%. In the 
absence of any marked tendency for the aphaslc subjects to be overaccepting, further 
analyses are confined to the errors on the ungrammatlcal sentences. For the reference 
group, the mean performance level was 97% correct on both the tingrammatlcal 
sentences and grammatical control sentences. 



TABLE 2 

PERCENT CORRECT SY SENTENCE TYPE FOR INDIVIDUAL SUBJECTS 
APHA8IC GROUP 

•UtJICT OVIHALL WITHIN*CLAaS lITWeeN-CLASS CONTROL 

K ii io 88 88 

lie to 78 100 88 

M% 88 38 78 88 

L8 78 80 80 83 

AK 78 98 100 73 

ED 88 80 78 78 

mIaN 78 81 ai 80 

REFERENCE GROUP 

8UBJ8CT 0V8IIALL WITHIN*CLA88 8tTWetN*CLA8S CONTROL 

BC 80 is 88 92 

KB 100 100 100 100 

CS 97 98 100 92 

M IOC 100 100 100 

ni 100 100 100 100 

JM 87 100 95 98 

MiAN 87 97 88 97 



In addition. Table 2 partitions scores on ungrammatlcal sentences in which the target 
word preserves or violates category membership— WITHIN-class (colunm 3) vs 
BETWBBN<lass (column 4). It should be noted that all six of the aphaslc subjects and 
five of the six members of the reference group were more accurate in detecting between- 
class substitutions. Hie import of this result will be considered presently. 
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The major task of the data analysis was to test between the posslblUty that the 
aphaslcs' lower accuracy and longer response latencies reHect loss of syntactic 
structures or alternatively, whether they point to a deficit in llnguisUc pra jsing. 
This question Is exaajlned by testing for Interaction between the experimental 
variables and group. We reasoned that if the aphaslc subjects have incurred a 
breakdown to the internal fc, iimnar that blocks full syntactic analysis of closed-class 
worts, we could expect to find consistent between-group interacUons on either or both 
of the dependent measures, response time and errors (where an error is failure to detect 
an ungrammatlcal sentence). 

By contrast, the hypothesis that Broca's aphaslcs suffer from limitations In 
processing, but have preserved sensitivity to syntactic structure, would lead us to 
anticipate a different pattern of results. Le.. main effects for wlthln-subject variables 
but no between-group InteracUons except those that arise as artifacts of measurement. 
Spurious interaction wouU result, for example, whenever the reference group rer ±ed a 
celling level of performance by responding with nearly perfect accuracy in making 
rimmatlcality Judgments. Because the findings invohing response time and accuracy 
parallel each other dosety. we discuss both aspects of the results together, rather than 
allocating them to separate sections. 

Figure 1 displays the performance of each group with respect to each of the four 
staictural variables. We will refer to the panels In this figure in the order from upper- 
lefl tc ower-right. The effects of ordinal posiOon of the target wort on response time 
Mid accuraqr are shown in the pair of graphs at the top of the figure.* It is apparent that 
with respect to response tln-j. performance Increases with ordinal position for both the 
aphaslc P!2.8) « 34.57 . p < .01 and the reference group 1^2,5) > 7.47; p < .04. As may 
be seen fran inspection of graph at top left, both groups show slower responses to an 
aiumialous target wort at the beginning of a sentence than at the middle or end. The 
tataactlon of group and poattion is significant m.20) « 10.88; p < .01. and so deserves 
luruiCT cominent. The interaction occurred because the slope of the position effect is 
considaabty steeper for the aphaslc subjects than for the reference group, but the effect 
of position for both groups is in the same direction. With regart to accuracy, there was 
no Significant effect of positirn for either group, as noted above. 

The beneficial (Ject of increased proxtmi' of the closed class item to its Ucenslng 
^J!^i ^ Perfoi -.iance for both groups, as shown in the 

JSJ^J^hihS^lii ^ ^ * decrement in performance for the 
value FAR. both in speed axvl arcuracy. This decrement is significant for resoonse time 

SS^'n^^TST'' f ^ ^ 02 as well as forTief^^SeS^S^lT^ 
27^05. p < .01. It 18 noteworthy that there was no Interactir with group S < 3). A^for 

^ 1 1^ ^ ^"^^ ^ «^ significant for t.ae ^p^sicffoup F\l^ l 
P>«y,'**P<»<*e<* correctly on 90% of the cases where the Ucerwing wort 

* corresponding difference is only 2%. clearly not significant. 

tot^S.X^'^^'f.roUrs:?!:^^^^^^ — - 

°^ *5f aphaslc subjects' performances on the experimental 

consistency to Justify treating the aphaslcs asTS^ 2S 
SKiSfJ'ST^o*?^? °" «"°"P«* ^*ta. as presented in the forego^ 
l^^^ir^ 5 individual subject response times for wordiposW^^d 

prwrfmlj. the two factors on which our argument for on-line proceMUufre^It is 

^J?^^^:.f^^'''^ consistent across the^S^^s^Siji^t^^ 

r^^nl^^^^"^ differences in overaU level of performance. Each subject Sio^ 
monotonlcal^y decreasing response times as a function of wort poslUon and S 
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shows faster response times for sentences In which the licensing word was close to the 
taiget word. 
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Figun 1. Mean performance of the aphuic group and the reference group on reaction time and percent 
ooiract detection of ungrammadcal lei.tencea for each stmctural Aictor. 
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Flgurt 2. Meui perfomunra of Individual aphasic subjects for Position and Proximity. 

We have already noted differences Ir accuracy of responding by substitiUim Woe As 
shown in Table 2^ all of the aphasic subjects were moreTccurate in rdeiti^ th^ 
betweejHdaas substitutions. The dfference was significant for the aphakic i)up F(l.5) 
\ .u ^} reference group, presumably because the latter were 

flSS iSf?^ °" ^ °^ substitutions. The reference group detected 

AAo^ ""^^^^ aphaslcs detected 61% oi the withln-class and 

mIlof-^3.eBfj?^f*** substitutions. This led to a significant Interaction by group 

Thwe was also an overaU effect of substitution type on response time, but here the 
SStXrZ!;! ^ in the third pair of graphs to Figure 1. the between-class 
substitutiOTs evoked longer response times for both groups. The effect of substitution 
Tii nJ^f^ FT^l *° * effectfor the reference group i??^S^= 

S^i^ i ?l *i**.^a<=t°r group. (See Discussion section for comments on the 
disparity to the findings for response time and accuracy). 

ho^nJf P«I°"S^<=:; of syntactic cation/ are shown in pair of graphs at the 
J«mm««Lfif;" ^' ^"^^ °f te-^t sentences there wSe 

S^SSS^ti^^^n^lSl' ^"^fV^utions among four categories of closedXs 
^^uS^S^^'F^^' elements and determlnera. There Is a significant 

^r^^^^^^^T'^l^r'^P^ "'"^ °" both tS?aph^ 

group fI3.5) - 8.6r; p < .01 and the reference group J^3.5) » 13.81: p < 01 The Interaction 

l^^if ^ "2?^ i« •«nlflcant also 7^3,3^ = 5.63: p < .01. lirtier ^^^S^ 
i^oSl2^3*S°." S,^^* "^'^^ *° ^^-^S^'y' P«P°sitlons. TTie rSty beSS 
E7 lo?^^'' prepositions is consistent with findings of othera 
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(e.g.. Prledet1ci« 1982; Giodslnsky, ig84b). With this category omitted from the 
analysis, the Interaction disappears (p < .2). 

In summaiy, the results reveal both similarities and dUTerences In the pattern of 
responses for aphaslc subjects and the reference group. As /or the simllailtles, we take 
the existence of the word position effect and the proximity effect In both groups to be a 
telling indication of cn-llne language processing. Differences between the groups are 
Indicated by the consistently 'ower accuracy and longer response times of the aphaslc 
subjects and the occurrence of some Interactions of the structural variables with 
group. In interpreting the interactions it was important to distinguish genuine 
interactions from spurious statistical effects that result from a problem in 
measurement arising, for example, when normal subjects approach a celling level of 
perfomiance. In the following sectibn we consider the implications of the findings for 
understanding the comprehension dlfncultles that may occur in cases of nonfluent 
aphasia and cdso the wider tmpUcations for the concept of a^jrammatlsm. We begin by 
examining the specific findings concerning sensitivity of the aphaslc subjects to the 
closed-class vocabulaxy, using the reference group as a basis for comparison Then we 
discuss how the flndtngt fit within the laxger framework of current theories of 
^tactic processing in aphasia. 

Discussion 

Applying the logic sketched in the Introduction, we looked for evidence of preserved 
on-line sentence processing by Broca-type aphasics, and we sought to delimit the locus 
within the language system of their comprehension difficulties. We assessed 
performance on the test sentencec with respect to the four structural variable 
pastttaru praxtmdy, subjtituttan iy^e. and category, li is evident that the findings favor 
the hypothesis of presented sensitivity to the syntactic functions of the closed-class 
vocabulaxy. This is indicated by critical similarities in response patterns for both 
accuracy and response latency for the aphaslc group and the reference group on each 
factor. Thus the idea that the comprehension dtfllculties of the aphaslc subjects are due 
to loss of structures is not supj:K.rted, Instead, a deficit in proces^f^ing is implicated. We 
now discuss the results in detail. 

Position. Consider first the elfect of the po:^'ition of the anomalous word in the 
sentence. Both groups displayed the word position ^ifect, showing a decrease in 
response time for later-occurring (in contrast to earlier-occurring) anomalous words. 
In previous woiic on sentence procesa^.ig in nomals, this effect has been Interpreted as 
a demonstration that language percelvers begin to construct a stnictural representation 
of a sentence almost bom the oub^ct. If this reasoning is correct, the appearance of the 
word position effect in the aph^c group constitutes evidence of preserved syntsctic 
competence. Tlie reference group was both faster and more accurate than the aphaslc 
group, as escpccttd. but both groups displayed the same trend. 

The finding that the aphasia, like the normals were consistently taster in detecting 
violations in late-arriving items calls into question a proposal by Caplan ;^g82) that 
agra mm ati cs assign minimal structtu^ to sentences above the lexical level, ff we are 
correct in supposing that the word position effect is attributable to on-line construction 
of the aynlactlc structure, then these aphaslc subjects must compute enough structure 
above the lexical level to enable the input string to be processed as a structured entity. It 
is apparent* then* that some Broca's aphasics are capab!j of using information about 
phrase structure above the lexical nodes as the basis for grammaticality decisions, as 
Linebarger et aL (1983a) claimed. 

Prozimitjr, Further evidence that the grammaticality Judgment task invokes on-line 
sentence processing is the benefidil effect of proximity of the licensing and the target 
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words.» If a sentence is processed on-line, the dlffleulty of relating two lexical items 
should Increase with the distance between the Items. It is presumably more difficult to 
relate two items If other items Intervene than if they are adjacent because the 
grammatical features of the first item must be retained in wciklng memory. On the 
other hand, if the sentence were being processed off line Its entire representation would 
be held In memory and im local effects of differences In proximity would be expected. 

Pradmlty of the closed-class item to its Ucenslng word was a significant factor In 
task performance for both subject groups. Each group performed significantly better for 
the grammaUcal anomalies In which the distance of the closed-class item to its 
llcai^ word was CLOSE. When there was greater distance between the licensing word 
and the target ttem, the aphasics. like the normal subjects, were slower to respond. It is 
notewortlv that the effect of proximity, like the effect of word poslUon. was In the same 
direction for all the aphasic subjects. The finding that both groups had more difficulty 
to tiie FAR condition is an todlcatlon that the more remote dependencies stress 
working memory. This, together with the effect obtataed for ordinal poslUon of the 
anomatous word. lends support to the conclusion that both groups processed the test 
materials on kie. or ^ f 

SttbatitttUon-type. A noteworthy feature of the design oi this study permitted a 
^°uJ?-!"!**" °L^^ accuracy of detection of wlthln-class and between-class 
subsututions. This comparison is of special toterest to view of the recent theoretical 
datais of Grodzlnsky (1984b: 1986) to which we have referred. Ut us review the 
iirudungs. First, we noted a mato effect on response time for substitution type, with the 
beji»e«<ta8s sub^utlons evoJdng tonger response times, but no Interaction of this 
SS«»]S^t,*~^^.? tonk longer to respond to between-class substitutions. 

f^^S 11.°* s«nlflcance for the aphasic group. Substitution type 

also had a ajgn^cant effect on accuracy of responding, but the direction of the effect 
was remsed: the wtthta-dass substitutions, as expected, evoked a greater number of 
enttrs than the between-class substitutions. This difference was significant for the 

reference group, presumably because they were 
perfonmlng at celling level on both types of substitutions. 

.wf the findings for response time and accuracy deserves comment, 

stace It ndght appear paradoxical that withto-dass substitutions should evoke more 
SS2iiJ?Jirt>r?.,"P*^.r^"""*^ f tocorrect. In our view both results are 

°««*^estat*on» of on-line processing. To show this we must 
^,^^11 between-class substltuUons took longer: then we must explato 
why the Wlthln-class substitutions, though faster to detect, toduced more errorri. 

tw response time differences on between-class subsututlons. we suggest 

^iSL^fnTtS?S^*^^*'^'"^***'^*°«*<** u«retosteadof!5a.) 
may be eaa.er for the sentence parser to recover fi-om than a totally inappropriate word 
IS as fonows: when an item cannot be fit toto the current pwsi rStence the 
^^^ri°^?r.^*^t"T.f"""P* * structurtag the available material Spis a? 
SSS2S^t^°!S: ^^^"^ ^"'^ alternative syntactic 

n^rfTf/1S?«*5l.'*?^"* wlthto-class substitutions, one must bear to 
.2^1? ^S*** ^ °" sentences on which subjects 4vS 

response. Therefore, response times to the withto-c^s 
J^r?tT^ reflect only those trials on which the subject was able to s^ Sat Si S 
van It of an appropriate item had been -ubstltuted for it. Stoce the subsStutelSs 
^ "° Attempt at restructurtog was made, orthe X? 

hand, the high rate of -misses' for wlthln-class substSlons ^ong tSe apJfsJc 
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subjects may reflect an automatic tendency to replace an illicit item with an 
appropriate one. Thus, the errors that occurred for within-class substitutions may 
simply represent a confusion between the item that was actually perceived and the 
spontaneous^ corrected item that subjects unconsciously replaced it with. Automatic 
correction of ung-'ammatical strings was prominent phenomenon in a profoundly 
aphasic patient studied MOiitaker (1976). The operation of automatic correction may 
help to account for the relatively poor performance of aphasics in response to 
erroneous wtthln-class substitutions. An account in these terms would not Implicate 
the syntactic processor as the source of the problem. Instead, the problem wotild be seen 
as one of monitoring and suppressL^g information that the parser has automatically 
computed. 

Category. The findings concerning accuracy of responses to variations in category 
also merit comment. Although the aphasic group was significantly less accurate on 
withln*class than between-class substitutions, they performed above chance on two 
kinds of withln-clas'^ substltutlnns: prepositions and particles. The response pattern is 
relevant to the proposal by Grodzinsl^ (1984a) and Zurif and Grodzinsl^ (1983), who 
maintain that in agrammatism the terminal nodes immediately dominated by the 
lexical nodes DET, AUX. INFL. COM?, etc. arc left unspecified. As Zurif and 
Grodzlnslgr (1983) point out, ^Violations of syntactic structure are permissible in 
agrammatism (that is, not noticed by the patient) only to the extent that they are either 
errors involving inflections, auxiliaries and determiners, or omissions of prepositions 
(p. 210).* ITius, agrammatlc subjects should be unable to detect any within-class 
substitution but should remain sensitive to substitutions which fall to preserve 
category membership. The fact that the aphasic group responded with above-chance 
accuracy in response to particles (79% correct) and prepositions (83% correct) cannot 
easily be accommodated by the Zurif and Grodzlnslqr pit)posal. 

Also recalcitrant for their proposal is the finding that the aphasic group responded 
accurately to controi sentences 80% of the time. As notea earlier, the Zurlf and 
Grodzinsky proposal applies to the control sentences as well as to the ungrammatical 
taiget sentences— a subject who could not identify items beneath lexical nodes wotild err 
in the same, but opposite, proportion to each sentence type. For example, a subject who 
judged 80% of the control sentences to be correct shoukl also have Judged 80% of the 
ungrammatical sentences to be correct, using the same criteria. This would have 
resulted in only 20% accuracy for the ungrammatical items. The findings are 
inconsistent with this expectation, however. The aphasic subjects were 61% correct in 
responding to the target sentences. Kecall, also, that the taiget sentences and their 
controls were identical in structure, except for the critical (anomalous) word, so that 
any differences in response rates must be attributed to the ungrammatlcallty of the test 
sentences. 

Having considered the effects of each of the structural variables individually, we can 
now ask whether the findings forai a coherent picture of the processing capabilities of 
the aphasic subjects. Earlier we discussed three indicators of on-line conriputation of 
structural representations: the word position effect, the proximity effe^^*, and the 
detection ot an anomaV before the sentence Is complete. If the aphasic subjects iie 
using closed-class vocabulary items in constructing a syntactic representation on line, 
we would expect them to exhibit each of these phenomena. We have presented evidence 
that demonstrates a word position effect and an effect of proximity. We found that aside 
from differences in overall level of performance, both the reaction-time and the 
accuracy data for each group are concordant (assuming that we are correct in 
attributing the interactions with subject group to ceiling performance by the normal 
subjects.) mth regard to the remaining indicator of on-line processing, we note that 
50% of the responses of the aphasic group were made before the arrival of the last word 
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to the sentence in cases where the grammatical violation was near the beginning. 
Mortovsr. the post-sentential response times lagged an average of only 182 ms after the 
end of the sentence, surely insufflclent time for conscious reflection. i3 

Other date relevant to the Issue of on-line processing by aphasics are presented In a 
recent case study by Tyler (1985). Like our aphaslc subjects, the nonfluent aphaslc 
studied by Tyler showed a word position eflfect In monitoring normal prose. However, 
this subject did not display an effect of word position for semantlcally anomalous 
prose. In this respect. Tyler's aphaslc subject manifested an aberrant profile— in 
normal subjects a word position effect shows up in processing both standard text and 
semantlcally incoherent, but grammatically correct, sentences. Stoce the decrement in 
response time with advancing position is putatively due to the construction of a 
syntactic structure as the sentence proceeds. Tyier Interprete the absence of a decrement 
in the anomalous prose condition as indicating the subject's inability to construct 
normal syntectlc representetions of sentences. This leads her to speculate that the 
word-position effect displayed by her subject in the standard pros* condition might 
have resulted from an overrellance on semantic/pragmatic informaUon. It should be 
noted, though, that whatever ability underlies this subject's processing in the standard 
prose condMon. it elicited the usual word position effect, rendering his performance 
in^stln^iiahabLi from nomud. Tyler offers the interpretetion that her aphaslc subject 
suff(K8 from damage to two processors, resulting in deficient syntactic processing 
coupled with heightened sensitivity to semantics. 

Another Interpretetion of the performance pattern displayed by this aphaslc subject 
can be given-an interpretetion that obviates the need to postulate opposing aberrant 
^ems that conspire to make processing appear normal in ordinary circumstances. 
We ia»ae the possibility that this subject's syntectlc and semantic knowledge is Intact. 
That is the simple conclusion to draw from the normal profile in the standard prose 
condition. But because the subject also has Impaired processing capabilities, his abilitv 
to anafyze language structure on line is weakened. As a consequence, the appearance of 
sernantlcally incoherent word combinations may impose sufficient stress to disrupt 
Put another way. our suggestion is that the syntectlc processui 
^fiS? adequate under ordinary conditions, where both 

.^^^^ converge on an appropriate analysis. But in adverse 
conditions syntectlc processing may become derailed. » »c 

JH^'^J^^^ ^' maintain that basic syntactic knowledge is 

totect Moreover the findings of the present research show clear Indications thai 
^^S^^^J^^^ eventuate In grammaticaUty Judgmente are applied 

^i!''"* expressed bj Zurifand Grod^sS 

M IS- w ^ that the conclusion reached by Unebarger et al 

s«i»itlvity to atactic structure In Broca-ty^ a^aSS uTno 
TJ^l^v.?' °^-"?«J*«"<=tf ^ their judgm.nto tesk. The flndl^of a word tS 
SSi.S.^hoFr^^S?"?'' ^ used judgmente of grammTticahty. inXs the 

S^^J?/ M^SL'J^'^"^*!: *°^' these judgmentel^ect on-line decisions by 
SutoS^til *£f^ to apply syntectlc processir^ 

^ '^^ ®" °^ * sentence had been encountered. If a subiect were 

S^JSfJSr" routine in this way. the appearance of an effect of serJp^Sn J^S 
be ^^tertous. In short, there is evidence that Broca's aphasics are capable of 0^1^° 
Ju5S?"^"^' processing is reflected in their UnmSilS 

Given our concern in this research with the issue of on-line processing in aphasia the 

22^ZSr?*HiS: T^""' parallels mLp^epattlS on ^ 

gwmauadlty judgniento test between the aphaslc subjects and the normal subjects 
Hie value of this was to rule out a whole class of explanations of the nature of the Sc 
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deficit in agrammatlc aphasia. What can we say. then, about the deficits which so 
definitely are displi^ed by the aphasic sub|ects? All of the nonfluent aphasics we have 
studied dispUQTed major limitations in speech production that involve access to the 
closed*class vocabuliuy, confirming earlier indications of the critical importance of 
this portion - " the lexicon for agrammatism. And. in four of the six subjects, these 
difiiculties ii. speech production were accompanied by difllculties in comprehension, 
as evidenced their performance on sentence-picture matching to passive-voice 
sentences. But, as we noted, there are inconsistencies in comprehension; two subjects 
performed almost without error on the test of passives. We cannot at present explain the 
apparent disparity between the results of studies using comprehension tasks, which 
present paradoxical findings concerning sparing and loss of syntactic knowledge, and 
studies using Judgment tasks, which consistenUy demonstrate sparing. We might add 
that none of the current theories of agrammatism, the Mapping Hypothesis of 
Llnebaiger et aL (ld83a; Sch\ artz et al. 1987), or Grodzinslgr's Trace Theory (1986). can 
account for such discrepant Individual patterns of response on language reception tasks 
in the face of consistent severe impairment in language production. The 
inconsistencies mean that a unltaxj^ account of agrammatism that cuts across both 
production and perception of language remains elusive. Future research would do weU 
to focus on subjects who show these discrepancies, and to explore further the 
compr eh e n sion tasks which have led to inconsistent response patterns. 

In summaiy, we conclude that the locus of the deficits in our aphasic subjects is in the 
processing system and not the aystem that represents grammatical knowledge. Were we 
to attempt to malntatn that the findings reported for the aphasic group are the result of 
lass of syntactic representations, we would be left without an explanation for the 
basically similar pexformance of the reference group. The proposal that the kKus of the 
aphasics* deficit Is in the processing system allows us to expiain the parallels they 
showed with normal subjects as a reflection of spared syntactic competence. At the 
same time, the differences between the groups—longer response times and lower 
accuracy rates for the aphasic group— can be seen as reflections of the reduced 
processbg capability that the aphasic subjects bring to the task of constructing a 
syntactic structure for an input string. We would piedict. then, that if normal subjects 
Wire to perform a similar ta^k under adverse listening conditions (e.g.. time 
compressed speech (Chodorow 1976) or the rapid serial visual presentation technique of 
Forster (1970)), dlfierences between the groups in response times and accuracy rates 
would narrow. We are currently investigating this possibility. 
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APPENDIX 

Experimental Sentences Containing Grammatical Violations and Matching 

Grammatical Control Sentences 



AUX 

Wlthln-class substitutions 

1) Roger wants the tusks that two large Afi lean elephants gives. 
Beth wants the wool that one big mountain sheep gives. 

^ The baker told the helper that the bread u)cre rising. 
The fanner told the stranger that a tornado was coming. 

3) Peter have pla nn i n g to see a new movie Saturday night. 
Mark Is training to win the big race next week. 

4i The Indian said that several bass was getting veiy large. 
The hunter said that one deer Is getting awfully scar^. 

5) One of the sheep u'ere slpolng water from the trough. 
Two of the fish were eating wonas off our hooks. 



Between-class substitutions 

1) One of the tacvXty the selUng tickets for the dance. 
Four of the bison were chasing hurtters across the field. 

2) The mechanic told the driver that the fender there dented. 
Hie waiter told the diner that the pies were besh. 

Si The cleric said that six fish here getting quite hungry. 

TTie fiaimer said that two sheep were getting dosehr sheared. 
4) Harry that attempting to reach the tall branch all day. 

George was going to visit his best filend on Sunday. 

51 Paul wants the flnet that on tasty Alaskan salmon give. 
Tom wants the battle that many huge rainbow trout give. 



DET 

Wlthm-class substitutions 

1) Several man begged to be allowed into the movie theater. 
Several men bagged to be admitted to the murder trial. 

2) The realtor remembered to visit a newly listed country houses. 
The teacher remembered to brtog two large clean ^ss Jars. 

9 The banker noticed that two customer deposited the checks late 
The sailor notteed that three shipmates left the dock early. 

4) Bill thinks many of the best tool disappeared last night. 
Terry thinks one of the worst players left this morning. 
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Si The astronaut foxgot to bring the compass to a spacesh^s. 
Hie bellboy forgot to bring the luggage to.the room. 

Between-dass substitutions 

1) Tlie cabdriver forgot to bring the senator to away rally. 
The paratrooper forgot to bring the map to the plane. 

2) Sam thinks out of the old factories exploded after midnight. 
Hany thixJ^ several of the new lambs arrived before limch. 

3) The carpenter noticed that on homeowner bought the wood yesterday. 
The lawyer noticed that one client paid the bill late. 

4i Above child begged to be admitted to the football stadium. 
A youngster begged to be invited to the birthday party. 

5) The old seamstress remenCered to donate what ragged cotton dresses. 
Hie young salesman remembered to take a heavy wool Jacket. 



PREP 

Within-class substitutions 

1) Hie machinist pointed to the lathe that Max fell out 

*The pliimber pointed to the wrench that Allen fe)' ^er. 

2) Out up the street an old truck was approaching noisily. 
Out of the window an engineer was waving his arm happily. 

3 Tlie Janitor pointed to the broom that Phil swept of 

gardener pointed to the sprinkl&r that Larry tripped over. 

4) The milkman was speaking out a man who needed advice. 

A policeman was talkii^ to a woman who needed directions. 

5) Of the overgrown snowy woods a rancher carried his saddle. 
Across the parched sandy desert a soldier was carrying his canteen. 



Between-dass substitutions 

1) Hie mailman was looking must a dog that needed food. 
Hie fireman was shouting at a child who needed help. 

2) Awc^ here a goal a soccer coach was running wildly. 
Away from the plane a stunt pilot was walking jauntily. 

3) Hie electrician pointed to the wire that Chunk fell u^hat 

^e plumber pointed to the wrench that Allen fell over. 

4 Never the grassy rolling hills a family carried their picnic. 
Through the dense evergreen forest a lumberjack carried his axe. 

5 The operator pointed to the switchboard that Barbara worked inhere. 

*Hie gardener pointed to the sprinkler that Lany tripped over. 



PART 

Wlthln*class substitutions 

1) The wife of the owner took the neu hobby down 
A friend of the manager took a big sign out. 
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2) Tht Chef reheated the stew that the customer pushed beside. 

Hie prograxmner designed the game that the company brought out. 

3) Picking the blrthd^ present on would be nice for Susan. 
Picking an expensive gift out will be pleasant for George. 

4i The good natured baker put at a white floppy hat. 
Hie well mannered butler put out a laige grey cat. 

3 Making on funny songs is difficult for choir directors. 
Making up long gxx)ceiy lists is boring for busy housewives. 

Between-Class substitutions 

1) Making then ghost stones is hard for young children. 
Making out bad checks is ea^ for clever criminals. 

2) Picking a tasteful tic the couW be simple for ministers. 
Picking a suitable prize can be fun for winners. 

3) llie pitcher delivered the baU that the batter swung nou;. 
The ranger relit the Ore that the campers put out. 

4) TliechUd of the driver took a tiny truck uws. 

The mother of the thief took the shiny Jewel away. 

9 The wen attired banker put is a fine silk scarf. 
Hie well groomed barber put on a new white coat. 

Note: Sentences preceded by • serve as controls for more than one ungrammatical target 
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^An alttmative proposal by Kean (1977) argues that the core problem in agrammatism is in the 
phonological component. Kean supposed that components of the language apparatus are 
hierarchically organized, with a unidirectional flow of information bet%veen levels. Thus, a disturbance 
at a lower level in the system (i.e., the phonolog}') could masquerade as a breakdown at a higher level. 
In this way Kean attempted to explain the nattu« of the apparent ""agrammatic^ output associated with 
nonfluent aphasia. She maintained that the Broca's aphasic tends to reduce the structure of a sentence 
to the minimal string of elements which can be lexically construed as phonological words. This idea can 
be extended to account for both their production and comprehension impairments: The Broca's 
aphasic £iils to produ^ or attend to suffixes and other elements which do not occur independently as 
phonological words— elements which a: critical for subsequent syntactic and semantic analysis. 
Kean's is an elegant attempt to apply lingUstic theory to explain a broad set of phenomena in aphasia. 
However, this viewpoint runs into the difflculty that Broca's aphasics are apparently sensitive to tne 
meanings of many function words (eg^ Lukatela, Crain, k Shankweiler, 1988). 

^UnATgu et aL propose that the deficit resides in the mapping relation between the syntax and the 
semantics. They advance this ""mapping hypothesis'* to explain why their agrammatic subjects' 
performance on the grammaticality judgment task surpasses their performance on comprehension 
tasks like picture verification (see also Schwartz, Linebarger k Saffran, 1985). This hypothesis is 
extended in Schwartz, Linebarger, Saffran and Pate (1987) where the deficit is characterized as an 
inability to nup syntactic functions onto appropriate thematic roles. 

^An experiment by Foes (1969) presents an example of this phenomenon: it was found that response 
times are ^ler for detection of a target phoneme that comes late in a sentence in comparison to one 
that comes early. It was Fbss's view that this pattern required a structural explanation. Holmes and 
Forster (1970) reported the same pattern with a click-monitoring Usk, but they propose a different 
interpretatton, attributing the longer reaction times for detecting early items to greater processing load 
at the early suges of sentence processing than at later stages. The inequality comes about putativdy 
because at the beginning the subject is carrying out two tasks at the same time: making a decision 
about a target word and, in addition, processing the words that follow the target word. But if the 
detectton of a target item is on-line, then it is unclear why varying the position of the target word should 
affect processing time in any systematic way. 

Th- interference account also predicts that there should be no difference between detection tasks that 
present ^ jnmatically structured material and those that present unstructured word strings. But just 
thU difierence has been reported repeatedly in the literature. Marslen-Wllson and Tyler (1980) and 
Marslen-Wilson (1984) demonstrated that the word position effect is obtained with syntactically 
organized material, but it does not occur with syntactically scrambled w^rd strings. Moreover, 
Aaronson (1968) reported that for presenUtion rates appropriate to conversational speech, response 
time to detect a target segment does not decrease but actually increases with serial position in a list of 
unrelated words. These findings suggest that the word position e^t occurs only with syntactically 
organized material Taken together, they lend considerable support to Foss's view that the word 
pos'don effect reflects the processing ot structure. 

*Fbr proposals of this kind to pay dividends it must turn out that agrammatism represents an underlying 
unity, theoretically and empirically. From A i sundpoint of theory, the notion of agrammatism must be 
characterized within a viable model of language performance; that is, it should conform to natural 
seams in the language apparatus. It is clear from the work of Grodzinsky (1984b), Kean (1980; 1982) and 
Lapointe (1983) that the phenomenon associated with agrami.iatism, the incorrect use of the dosed- 
class morphotogy, sadsfies this criterion. 

Badecker and Caramazza (198S) queatfon the sutus of agrammaHsm as an empirical entity in view of 
significant variatfons in language performance among aphasic individuals so designated. This is not 
the place for a discussion of the issues raised in their critique (see Ciiplan, 1986). We wouid point out 
that although we do not accept their conclusion that the concept of agramnutism should be jettisoned, 
we share a concern with the problems for classification that are created by intersubject variation, and 
we concur that the practice of grouping daU over subjects should never je undertaken lightly. 
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*rhe proposal was extended by Grodzlntky (1984b) to take account of < is-language differences in the 
manifestations of agrammatism. In marking syntactic distinctions, Grodzlnsky predicts misselection of 
closed-class items within the same syntactic category, with the proviso that closed-class items will 
usually be omitted in a reUtively uninflected language Uke English, but not in a morphologically 
complex language like Hebrew, when ^ure to inflect the stem properly could result in a nonword. 

<In addl'-on, 32 simple conjoined-clause filler sentences were interspersed among the lest items. These 
too coniisted of equal numbers of grammatical and ungrammatical sentences. 

'An idiosyncra.4y of the stimultu set should be noted. Since it is impossible to construct sentences in 
which the position of the closed-class item is at the beginning of the sentence and also distant from the 
licensing word, there is unavoidably an imbalance in the data set. We have dealt with this 
circumstance in the following way: when we wished to analyze the effect of position as a factor, we 
deleted the sentences where the value for proximity was FAR. When ws wished to look at proximity, we 
deleted the sentences where the value fbt position was BEGINNING \ccc-dingly, analyses of variance 
were carried out urinj the between-subjects fector of group, and within-subjects fectors of position, 
substitution typt. jrroxim and cattgory. 

•On the ungrammatteal sentences, the jtean response time was 2606 msec for the aphasic group and 
1616 msec for the reference group. The difference was significant f (1,10) - 15.62; p<m. 

*Th» present study does addrass the issue of the precise characterization of 'distance.' It may be 
that the f mount of structure between the ck»ed -clasf item and its Uoensing %void is the relevant factor 
or it mi. >je the number of woi-ds, or amount cf time However distance comes to be defined, we wUl 
assume that our results are the effect of a single factor influencing the performance of both groups. 

•»An unexpected aspect of t^te ability to detect within<lass substitutions is the detrimenUl effect on 
> -fformance of the detertiiner substitutions. We do not have an adequate explanation of this effect 
We do, ho%vev«r, consfcler it significant that the eftect, whatever the cause, was evident for both groups 
One might speculate that the increased response times result from the feet that the recognition of this 
type of error often depends upon a violation of number agreement between the determiner and its 
held noun. This type of error is often encountered in everyday contexts where the long latencies might 
reflect the time required to (unconsciously) correct this type of error (see Crrain k Fodor, 1987). 

"In a later paper, Grodzinsky (1984b) sUtes the genereUzation as foUc^: if a terminal element ?- S- 
structure is not lexically spedfled (see aomsky, 1981), then it wiU be unspedfled at this level in >ai 
agrammatlc's representation. In a reply, Sproat (1986) presents theorettcal reasons against 
cnar* erizii-g the agnmmatic deficit as a structural deficit. He argues against :he claim that in 
^^H!^ 'T' •» S-ttructure. The argument has two parts. Rrst, Sproat observes 

Uiat the i .oposd enfeils that agrammatism involves the violation of a central tenet (the Projection 

^^^^ Grodzinskys hypothesis is placed (Government-Binding 
iilZLT^l?^ *° ^ Linebarger et al. (1983a) showing that, in fact! 

the Projection Principle is respected in the grammars of the aphasics they tested. 

' mLh!";*" '^^'^y **** •P*"'"" •""'y ^ between- and within-class 

.k"' "^""1 altemaHve to Zurif and Grodzinsk/s (1983) proposal. Our proposal 

in^ the conc^t of degrees of acceptabiL'ty (Chomsky, 1965). Since a substilZn that vio^s 
"7**""? constitutes a more egregious violation, it has greater perceptual salience than a 
vtoUtton that preset m category membeiship. On this account, it is not surprising that the subjects in 
r^^, ^"f ^ identifying the more salient between-class substitutions (3%^rs 

for the refierence group: 12» *or the aphasic group). 

post..enta.tial judgment tasks used to evaluate structural 
pwrtngpi^ces. For example, Frazier (1978) reports response times averaging over 1200 ms for the 
s^^^l^,": T"^ ambiguitie.. Although there are impc.tant differences between the 
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^^Uke LiMbargar, Schivam and Saffran (1983b), we find it implausible to suppose that the judgment task 
could permit sytttactic structure to be computed by an alternative processing route. As these authors 
point out, this supposition amounts to the claim that there exists a separate, redundant sentence parser 
that is employee solely off line in certain tasks. It should also be menHoned tbti'^ -^'^^ Zurif and 
Grodzinsky proposal, which envisions such a delay between the arrival of an utter .ice and its structural 
anaijrsis, entails unrealistic demands on working memory. That is, suppose that Broca's aphasics are 
unable to carry out on-line parsing. In order to judge grammaticality, then, they would be forced to 
accumulate and store a sentence as an unstructured aggregate of words that are subsequently fed into 
the special off-line parsing device. However, it seems to us that the verbal memory limitations of 
agrammatic aphasics would render them even less capable of such a feat than normal subjects. 
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Syxitactic Comprehension in 
Young Poor Readers* 



Suzanne T. Smith/ Paul Macaruso/^ Donald Shankweiler/^ 
and Stephen Crain^^ 



Chtldrtn with specific reading Usability foil to understand some complex spoken 
sentences as well as good readers. This investigation sought to identify the source 
of poor readers' comprdtension difficulHes. Second-grade good and poor readers 
were tested on spoken sentences with restrictive relative clauses in two 
experiments designed to minimize demands on working memory. The 
methodological inncmations resulted in a high level of performance by both 
reader groups, demonstrating knowledge of relative clause structure. The poor 
readers' performance closely paralleled that of the good readers both in pattern 
of mors and m awareness of the pragmaHc aspects of relative clauses. The 
fi"^}"^,^^ii"* limitations in processing account for comprehension 
difficulties displayed by some poor readers in previous, investigations. 



INTRODUCTION 



ml^^fS^^^!^^ the syntacuc abUlUes of poor readers, children who show a 
marked disparity between their measured level of reading ability and the level of 

^ ^ °^ lnteSlg?nce and opportunJSs for 

«LiWfnJ2^ ^«?o* do"^' not in visual perception or general analytic 

ab Jity (Ltbennan. 1983; Perfctti. 1985; Vellutino. 1979). Within the language dom^. 
the research Uterature indicates that the dlfllculues poor readeiB dlspSy are usually 
associated with some aspects of phonological processing.i ^ 

RecenUy several investigations have raised the possibility that poor readers' 
^TZ'^l^ ^^^ other components of language processing. For example, it has 
Sf ^m.^ * f°°' "^^f " *° comprehend complex spoken sentences accurately 
to some ^rcumstances. These findings have led some researchers to question whether 

??f*'"^ ^ °^ ^°"P'« »>^t«<="<= propertfes of ?he aduU 
f^Zif^.^i"°- ""r^'J'i ^^"^^^^ to appreciate that another explanation 

poor readers have in comprehending sentences may ultimately derive from the same 
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UnJtatlon In processing that accounts for their failures on lower-level tasks involving 
the phonology. The present research seeks to gain a better understanding of the basis ^ 
poor readers' failures in sentence comprehension by testing between these competing 
possibilities. 

The first hypothesis, which we will call the Syntacttc Lag Hypothesis. a natural 
outgrowth of a large body of research on language acquisition that suggests that 
complex syntactic structures are late to develop. On this view, language is assumed to be 
acquired in a stage-lilu progression finom simple to complex structures, with complex 
structures mastered later in the course of language acquisition (see Grain & 
Shankweiler, 1988, ^or further elaboration). Yoimg poor readers are unable to 
comprehend certain ^tactic structures as well as good readers because poor readers 
are considered to be devetopmentally delayed in the acquisition of syntactic knowledge 
(see e.g., Byrne, 1981; Fletcher, Satz, & Scholes, 1981; Stein, Cairns & Zurif, 1984). The 
Syntactic Lag Hypothesis is buttressed by findings indicating that, in samples of 
spoken language, poor readers tend not to use complex sentence structures, and their 
utterances often contain morphosyntactlc errors (de Hirsch, Jansky, & ' ^ngford, 1966; 
Fry. Johnson* & Muehl, 1970: Morice & Sla|^.uis, 19^5; Vogel, 1975). Further evidence 
shews that poor readers have difilculties with metallf/guistic tasks such as correcting 
or explaining ^ntactically anomalous sentences (Bohannon, Warren-Leubecker, & 
Hepler, 1984: Bowey, 1986; Fonrest-Pressiey & Waller, 1984; Fowler, in press; Menyuk & 
Flood, 1981). 

For an adherent to the Syntactic Lag Hypothesis, the reading comprehension failures 
of poor readers cannot be blamed on decoding dii!^culties alone, since on this account, 
poor readers have, in addition to their problem? at th. word level, a syntactic 
immaturity that predisposes them to difficulties in under standing some sentences. 
Moreover, the difficulties poor readers display in comprehending spofcen sentences 
cannot be a result of their inadequacies in decoding. Thus, to account for poor readers' 
difilculties in reading and in comprehending spoken sentences with complex syntactic 
structures, proponents of the Syntactic Lag Hypothesis must invoke deficiencies in at 
least two components of the language ^tem: the phonology and the syntax On the one 
hand, a deficit in phonological processing must be invoked to account for weak 
decoding skills which are so often present in poor readers. On the other hand, their 
impaired sentence comprehension would reflect Jointly the phonological processing 
problems and a dtiay in the acquisition of syntactic knowledge. 

In contrast to this dual deficit account of poor readers' reading and comprehension 
difficulties, an alternative hypothesis explains both word-level and sentence-level 
problems as the result of the same underlying deficit. On this view, which we call the 
Processing Limitation Hypothesis, all of poor readers' language-related difilculties are 
considered to derive from a limitation in phonological processing. In other words, this 
hjrpothesis maintains that poor readers' performance deficits at higher levels of 
language processing are symptoms of an underlying phonological deficit (Uberman & 
ShankweUer, 1985; Mann, Shankwefier, U Smith, 1984; PerfetU, 1985; Shankwefif r & 
Grain, 1986: Stanovlch, 1986). In addition to creating difilculties in decoding, the 
phonological deficit gives rise to comprehension problems, both in reading and spoken 
language, by exhausting the resources of verbal working memory which must be shared 
by lower-level and higher-level languag<^ processes. 

Evidence for the link between phonological processing and verbal working memory 
is based on research demonstrating that short-term memory for verbal material relies 
upon phonological coding (Conrad, 1964, 1972: Conrad & HuU, 1964; Crowder, 1978) 
and research indicating that poor readers show selective impairment on tests of verbal 
memory. Poor readers' impaired memory for verbal material has been demonstrated 
for a wide range of stimuli including nonsense syllables (Liberman, Marm, 
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Shankweiler, & Wetfelman, 1982), unrelated words (Mann, Uberman, & Shankweller, 
1980: Smith, Mann, & Shankweller, 1986), and sentences (Mann et al., 1984: Mattls, 
French & Rapln, 1975: Rolt, 1980: Shankweller, Smith, & Maim, 1984: Welnstein & 
Rablnovttch, ld71; Wilg & Roach, 1975). In contrast, memory for a variety of nonverbal 
stimuli is unimpaired (Uberman et al., 1982: Nelson & Warrington, 1980: Vellutlno, 
Pruzek. Steger, & Meshoulam. 1973). 

With regard to sentence processing, the Processing LJmltaUon Hypothesis supposes 
that because information in language is conveyed sequentialty, phonological coding in 
verbal working memory is needed to retain lingulsUc information temporarily in 
verbatim phonological form while syntactic and semantic relations are determined. 
This approach advances the view that all the symptoms of reading rtlsabllity arise from 
an undeiiylng difllculty in phonological processing, thus eschewing the proposal that 
poor readers are delayed in the acquisition of syntactic knowledge. Instead, tht 
Processing LlmltaUon Hypothesis predicts that poor readers, because of their 
phonological processing deficit, will be unable to fully exploit their syntacUc 
knowledge and will encounter dimculUes with Just those sentences that exceed the 
resources of veital woiking memory. By contrast, on sentences that are less taxing of 
those resources, their petfoimance level should approximate that of good readers. 

To summarize, the SyntacUc Lag Hypothesis and the Processing Limitation 
Hypothesis present sharply contrasting explanaUons of poor readers' problems In 
sentence comprehension. Since spoken language comprehension surely sets an upr?r 
bound on the ability to comprehend sentences In reading, it Is imperative to reach a 
diagnosis of poor readers' comprehension problems. Neither of the hypotheses under 
consideration can be refected at present. The aim of this research is to discover which 
one provides the best account of poor readers' problems In spoken- language 
comprehension. In the foUowlng experiments, the relaUve clause was chosen as a test 
case for evaluating the two hypotheses. 



COMPREHENSION OF RELATIVE CLAUSES 

Several studies of language acquIslUon have found that relative clauses emeMe late 
in the course of normal language development (see Sheldon, 1974: Tavakollan, 1981). 
This has led proponents of both hypotheses to ^ak whether reading-disabled children 
are inferior in performance to age-matched good readers in comprehension of 
sentences containing these structures. Before we review studies that address this 
question, some preliminary comments are ta order about the properties of relaUve 

Relative clauses are of special interest because of their syntactic, and 
scmantlc/pragmaUc properties. Four types of relaUve clause sentences are Ulustrated 
below. These are dlsUngulshed by a two-letter code indicating the noun phrase, subject 
or o^ect, in the main clause that bears the relative clause and the site of the 
swperilclany empty noun phrase In the relaUve clause. For Instance, In the OS sentence 

(3) the object noun phrase of the main clause is modified by a relative clause which 
lacks an overt noun phrase In subject poslUon. The empty noun phrase Is marked by 
. in these examples. 

(U SS Hie glrJ who _ pushed the boy tickled the clown. 
t2) SO The boy who the girl pushed _ Uckled the clown. 
(9 OS The girl push - d the boy who _ Uckled the clowa 

(4) 00 The boy pushed the girl who the clown Uckled . 

In relative clause sentences, coreference must be established"between the missina noun 
phrase in the relative clause and a conUrolllng noun phrase m the main clause 
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Coreference relations are governed by structural constraints Involving the notion of c- 
command. These constraints rule out certain coreference possibilities and therefor? 
restrict the semantic interpretations that a sei.£ence can be assigned. 

In addltiont relative clauses serve several pragmatic functions. One pragmatic 
function distinguishes restrictive and nonrestrictive relative clcuses. Restrictive 
relatives act to specify a particu!ar subset from a larger set of items. This means that 
restrictive relatives are used felicitously m situations in which there is a group of 
objects coirespcndlng to the head noun phrase of the relative clause. For example, in 
sentence (5a) the relative clause *that had a bow aroimd its neck** acts to pick out a 
particular tedcfy bear from a group of teddy bears. In contrast, nonrestrictive relative 
clauses function mtrefy to comment upon the noun phrases they modify, not to funher 
delimit them* Sentence (Sb) contains a nonrestrictive relative clause Vhich had a bow 
around its neck.* In this case* the relative clause serves onfy as a further comment 
ibout the one teddy bear in the context* namely that it had a bow around its neck. 

(5a) Ihe boy was holding the tedcfy bear that had a bow around its neck. 
(5b) The boy was holding the teddy bear, which had a bow around its neck. 

Having reviewed the relev.wt properties of relative clauses, we turn now to studies of 
their comprehension by good and poor readers. Several recent investigations have 
indicated Impaired performance by reading-disabled children on various forms of 
relative clause sentences (Byrne. 1981; Goldsmith, 1980; Mann et al.. 1984; Stein et al., 
1984). The findings have generally hem regarded as supporting the Syntactic Lag 
Hypothesis. However, a dissenting nott^ wai» sounded at the conclusion of the study by 
Mann et aL (1984). in which two of the present writers were co-investigators. 

In the Mann et al. study, third-grade good and poor readers were tested for 
comprehension and (on another occasion) for repetition of the same relative clause 
sentences. On the comprehension test, the poor readers made more errors than the good 
readers; however, both reader groups made similar tjrpes of errors and there was no 
interaction between reader group and sentence type. On the repetition task, too, the poor 
readers performed less accurately than the good readers. Thus, the poor readers were 
impaired in both comprehension and repetition of test sentences, but their errors, 
although mere numerous, were similar to those of the good readers. Maim et al. 
maintained that the highei error rate u the poor readers can be explained as 
st emmin g from their limitations in the effective use of phoi ^logical structure in the 
servk^e of veibal working memory. 

Giving credence to poor readers' limitations in processing, the present study sought to 
identify ways to reduce the processus load in order to permit them to demonstrate their 
knowledge of relative clauses. Until this step is taken, the source of poor readers' 
observed comprehension failures remains an open question; either the Syntactic Lag 
Hypothesis or the Processing Limitation Typothesis could explain some portion of the 
findings. In planning the present study, several potential sources of processing 
difficulty that may have adversefy affiRcted poor readers' performance in earlier 
research were idei^ed and steps were taken to minimize the difficulties. Success in 
reducing or eliminating the performance gap between good and poor readers would 
consUtute support for the Processing Limitation Hypothesis. We now describe the 
factors that may affect difficulty of processing and the steps that were initiated to 
control these factors in the present study. 

First, most of the previous studies of relative clauses failed to take into account their 
pragmatic functions. In other words, these studies did not meet the "felicity conditions" 
associated wltb the use of restrictive relative clauses. For example, the Maim et al. 
study used an object manipulation test in which the stimulus array consisted of one 
token of an object for each noun phrase. As discussed earlier, restrictive relative 
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Clauses are used feUcitously only in contexts which establish a set of objects 
corresponding to the head noun phrase of the relative clause. To satisfy this pragmaUc 
condlUon. more than a single item corresponding to the head noun phrase of the 
relative clause should be made available In the experimental workspace. Evidence'from 
recent studies of language acquisition has demonstrated the importance of satlsfyinij 
the felicity conditions associated with the presuppositions of restrictive relative 
daiwes and the detrimental effect that (allure to meet these conditions has upon young 
children's comprehension For example. Hambuiiger and Craln (1982) found significant 
taprovement In preschool children's comprehension oi' relative lause sentences when 
feUclty conditions were satisfied. They present evidence that improved performance 
derives from a reduction In processing demands associated with the planning required 
to make a response in an act out task. It Is possible that poor readers' dlfllculttes with 
relative clause sentences might also be tied to excessive demands imposed by failure to 
meet felicity conditions. ^ 

pother binding from the Uteiature on language acquisition suggests tiiat poor 
readers impaired performance in tiie Mann et al. study may have been due. in part, to 
tiie number of relations among animate noun phrases that needed to be determined and 
acted out. In a study with preschool children. Goodluck and Tavakollan (1982) 
demonstrated Uiat performance on an act-out task similar to tiie one used In tiie Mann 
et al. study Improved slgnlflcanUy when tiie number of animate noun phrases in 
relative clause sentences w ^ reduced from tiiree to two (e.g.. by replacing a transitive 
verb In tiie relative clause wltii an Intransitive verb). Improved performance In this 
^ ^ explained in terms of a reduction In processing demands associated 
wiot tiie respons - plan needed to act out tiiese sentences (Hambuiger & Cialn. 1984). 

.ZS'-il"^" ^ GoldsmlOi (1980) that poor readere' comprehension of 

semantical constrained sentences surpassed that of unconstrained sentences. 
Semantica^r anomatous relations which have oflen characterized sentences used In 
earlier studies (e.g.. Byrne. 1981; Mann et al.. 1984) may require additional processing 
in order to recover tiie intended relations among tiie constituents. Poor readers, with 
special weaknesses in verbal working memoiy. are presumably at a particular 
d^vantage under any circumstances tiiat require reanalysls (Shankweller et al.. 

Since only paformance. not competence, is observed In tests of language ability. 
^^^^:iT^^°'^T «».n<=^""duly tax limited processing re^oulles^canS 
ojTOMton of underlying linguistic knowledge. We suspect tixat previous studies of poor 
I^^H^l^H^flf^^^l^*"", °^ <="»P'« syntactic structures have often resulted In 
t^^S^l^°^ ^^^.^'^'T^ knowledge because, unwittingly, tiie experlmentS 
IJSIS^ ^Tf"*" °» processing. When tiie goal of tiie research is to draw 

^eS«n.rnn?H*^ l^^I''*"^ <=°"Pftence. experiments with the potential for 
dlsentwigjing deficits in stiructural knowledge from processing limitations are 
^."^^ the potential benefit of reductag prie^Ciem^i foj 
poor readers comprehension of relative clauses, we Incorporated four methodolMlcal 
r^^L'll'TT ^'^^^i (1) tiie restrtctlv; function as^teted Itth 

test sentences indicated a sS 
SS™^?.^ ^° P^'*^*^ ^ ea<=h test sentence, a tiilrd nZn 

phrase was inanimate and conveyed descriptive Infonnation- (iv) aU testlentenre^ 

l^oTlS^JSctmS^^^ -^J-^ ^^'^ their fuU 

th^of^^^V^ ?*!!f *° P"^* * comparison of tiie findings wltii 
hiSIf tn *t"dy- By comparing performance In tiie two studies, we can 

begin to evaluate evidence for tiie two hypotiieses under consideration. If the SyntacS 
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Lag Hypothesis is correct, we would expect that poor readers should show no 
Improvement when the task is made easier by minimizing processing demands because 
in the absence of requisite structures, impaired perfomiance should be obse nred even 
under the simplest conditions. On the other hand, if the Processing Limitation 
Hypothesis Ia conect, we would expect poor readers' performance to improve as the task 
is stmpV^ dudng the disparity with good readers. 

EXPERIMENT I: OBJECT MANIPULATION TEST 

An object maniptdation test was constructed in accordance with the methodological 
prescriptions described in the preceding paragraphs. This test incorporates the same 
structures studied in the research of Mann et aL and is intended as a sequel to that 
investigation. 

Method 

Subjects 

Ihe subjects were selected from four second-graue classes in a suburban public school 
system. All children for whom parental consent was obtained were given the Decoding 
Skills Test (DSTI (Richardson and DiBenedetto, 1986) as a test of reading ability and the 
Peabody Picture Vocabulary Test— Revised (PPVT) (Dunn and Dunn, 1981). The PPVT 
was included to ensure that any obtained reader group differences could not be 
attributed to limitations in word knowledge, which an indicator of general verbal 
ability. 

Nonoverlapping groups of good and poor readers were formed on the basis of three 
criteria: a combined word and nonword DST score less than 64 (poor readers) or greater 
than 83 (good readers),^ teacher conflraiation of reading ability and a PPVT score 
between 90 and 130. Grouping by these criteria yielded 18 children in the poor reader 
group (8 boys; 10 girls) and 16 children in the good reader group (6 boys: 10 girls). The 
groups did not diffi^ signifkantly in age, (range: 90 to 104 months), nor in PPVT scores 
(range: 90 to 126). ^ AddiUonally, aQ subjects were native speakers of English and had 
no knoom speech or hearing deflciencies. The mean age PPVT score, and DST score for 
each group are summariased in Table I. 



TABLE 1. Characteristics of ths subjects. 





GoodR«aders 


PoorReadors 




(N 


-16) 


(N- 


18) 




Mean 


S.D. 


Mean 


S.D. 


Ag« in Months 


97.75 


3.64 


97.05 


4.77 


PPVT-R«vi««d Scoiv? 


114.93 




110.00 


8.53 


DSTSoor** 


98.37 


8.63 


47.77 


15.53 


'Maximum DSTsoota - 120 
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Materials 

A. Test. Sentences: Four types of relative clause sentences were included in the test 
materials. An example of each is given below: 

(6) SS "Hie lady who held an umbrella kissed the man. 

(7) SO The man who the la<ty kissed held an umbrella. 

(8) 06 The lady kissed the man who held an umbrella. 

(9) 00 The la(^ kissed the man who an umbrella covered. 

Each sentence contains two animate noun phrases and one inanimate noun phrase 
and denotes plausible events among highly recognizable objects. The relations between 
animate noun phrases are reversible. In order to preser-e the plausibility requirement, 
an action verb la used in the relative clause in OO-type sentences. For SO sentences, the 
inanimate n jun phrase is placed in the main clause instead of in the relative clause to 
preserve plausibility and to aUow for the possibUity of a conjoined-clause 
misanal3rsis.^ 

Conjoined-dausc sentences (CO), derived from the OS prototypes, were also included. 
It has been claimed that these structures are ^tactically less complex than relative 
clause sentences and an mastered earUer in development. Each CO sentence contains 
an empty noun phrase in the second clause that Is coieferential with the subject of the 
first clause. A sample CC is given in (10): 

(10) OC The lady kissed the man and _heW an umbrella. 

B. Test Design: The test consisted of five sets of sentences in which the relations 
anong nouns were varied the five sentence types (SS. SO. OS. 00. CC). This yielded 
five sentences of each type, making a total of 25. These were randomized and two test 
orders were prepared. Each test order was preceded by a short pretest which consisted of 
three staple sentences and one complex sentence. The pretest and test sentences were 
recorded on audiotape at a natural conversaUonal rate. Each sentence was preceded by 
an alerting befl. The pretest and test sentences are listed in i^pendix A. 

Froceduie 

The subjects were tested individually in three sessions during the last quarter of the 
school year. The DST and PPVT were administered in the first session and one of the 
experimental tests was administered in each of the remaining sessions. Half of each 
reader group was tested on the Object Manipulation Test in the second session and half 
♦I?'' Sentence-Picture Matching Test. This order was reversed to the third 
session, thus counterbalancing the presentetion of ihe two tests. 

«K'!i?l°T* °^!*''* Manipulation Test, the subject was shown aU of the toy 

*° '^'^ Any name that did not 

SS^I niSU;!S*' ii**? ^ sentences was corrected. Before each test 

^h?^!iS!f P7*f»*«?- conrsponding to the nouns in the sentence were placed 

obliJSi cSSL^hS^ l^^i ^""i^"^ ^ AS indicated earUer. two 

objecto ccttTcspondir* to the head noun in the relative clause were presented to meet the 

r>,.^i« '"P^"""* associated with use of restrictive relative clauses. Although 

« KM.'eS? ^ sound's 
tt^f^f^ IMttucted to listen to the entire sentence before proceeding to act out 
^S^rSS'^,"^':'^^ «Penmenter to indic..e thelrtion, ^ 
Cj"e'SSS^<;SSr''^''°'°"'^^«'''""'™''^''^'«-»-» 
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Results 

Separate analyses were performed on the relative clause sentences and the conjoined- 
clause sentences In order to permit comparison with the results of the Maim et al. (1984) 
study. A response was considered correct if the relations indicated in both the main 
clause and the relative datise were properly enacted regardl^ of which clause was 
acted out drst. Since there were no effects of test order, the remaining analyses were 
performed on the combined test orders. 

Relative Qtuse Sentences 

Both the good and poor readers acted out the relative clause sentences with a high 
level of success. The reader groups did not differ significantly in mean percentage of 
errors (good readers: 11.3%: poor readers: 18.1%). Table 2 displays the mean prticentage 
of errors and standard deviations for each type of relative clause sentence foi* both 
reader groups. 

TABLE 2. Object Man^ulation Test. 



Mtan pftfcsntags of srrors and standard deviations 
for rslativa clause sentences. 



Relative Clause Good Readers Poor Readers 

Structure 





Mean 


S.D. 


M«an 


S.D. 


ss 


2.6 


6.8 


3.4 


7.6 


so 


25.0 


28.8 


35.6 


26.2 


OS 


11.2 


14.6 


20.0 


22.8 


00 


6.2 


12.0 


13.2 


21.8 



The main effect of sentence type (SS, SO, OS, and 00 relative clause sentences) was 
highly sigmncant, F(3,96) s 17.94, p < .001. There was, however, no significant 
interaction between reader group and sentence type, indicating that the good and poor 
readers were similarly affected by variations in sentence structure. Scheffe post hoc 
analyses (p « .05) indicated that SO sentences were more difficult than OO and SS 
sentences, but were not more diOlcult than OS sentences. The SS sentences did not 
differ from 00 sentences, but did differ from OS and SO sentences. Finally, OS and 00 
sentences did not differ from each other. 

Analysis of errors. The distribution of errors was examined to determine whether 
errr>rs previously identified in the literature as possibly signifying an immature stage 
of syntactic development occurred more often for the poor readers than for the good 
readers. Although the incidence of conjolned-clause errors differed significantly across 
sentence types, Pt2,64) a 3.52, p a .03 (with SO sentences producing the most enrors of 
this type), there was no main effect of reader group and no reader group x sentence type 
interaction. The good and poor readers did not differ in the number of conjolned-clause 
errors, and the pattern cf errors across sentence type was similar for both reader 
groups. Also, other error Qrpcs noted Ir previous investlgaUons, e.g., minimum distance 
errors® that were noted in the Mann et al. (1984) stucfy, failed to distinguish between 
reader groups in the present study. 
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TJiere was no difference between reader groups In the order In which the infonnaUon 
In the two clauses was acted out In general, both reader groups acted out the descriptive 
taformaUon first. For example. In the SO sentence (7) The man who the lady kissed 
held an wnbreUa.' both the good and poor readers put the umbrc'la In the man's hand 
before th^ had the lady kiss hlm.^ 

Conjoined-CLiiue Sentences 

The good readcre made significantly fewer eirors (2.6%) than the poor readers (17 8%) 
on the coi^olned-clause sentences t (32) = 2.71. p » .01. Despite the poor readers' gniater 
parentage of errors on this sentence type, the order In which they acted out the clauses 
did not differ slgnlficanUy from that of the good readers. Enactments m which the 
second-menUoned clause was acted out first occurred 67.6% and 78.8% of the time for 
the good and poor readers, respectively. 

Discussion 

As noted in the IntroducUo i. an examlnaUon of both error rates and pattern of 
errors by good and poor readers Is crlUcal for evaluating the two hypothesized sources 
of poor readers' difficulties in comprehension. We are Justified in concluding that the 
Syntactic Lag Hypothesis Is correct only if poor readers' percentage of errors, types of 
errors and items on which they eir are discrepant from that of good readers. The 
Processing Limitation Hypothesis Is correct only if the foUowlng c nerla are met: (1) 
hoth reader groups are similarly affected by syn' .ctic complexlty-that is. those 
rdative clause aoUences that are most difficult for poor readers are similarly the most 
difficult for good readers: (u) the types of errors made by poor readera are not 
qualltauvely different from those made by good readers: (ill) there is improved 
perfonnanw on tests In which processing demands have been reduced as compared to 
tMts in which tiiey were not reduced: (tv) the perfonnance of poor readers Is weU above 
chance on some examples of the stincture being Investigated. 

hJ!1?i,^%* ?„*^** experiment cleairly support tht Processing Limitation 
Hw)oaiesls Tht foUowlng facts are Indicative: First. Oiere was no difference In the 
r between tht reader groups on relative clause sentences. Second, botii 

reader groups were similarly affected by syntactic variation as demonstrated by the 
^ ri-H^Ii ^ ^ ^^y- the types of errors Oiat the 

w«?^«ffH f to those 'x' j by tht good readiJs. and no error type 

was mad? more often by tht poor readers. ' lese findings are Inconsistent wltii 1*e 
hJSSw..^ Hypottiesls. Instead. Oiey suggest that Oie Processing Lta^t on 
"Sefiudl^^ ^ * °^ performance in 

cn^no^!!'S.**l^! ^ ^ processing demnnds can be evaluated by 

comparing tht good and poor readers' performance In Oils study wiOi tii- reader ffrouns- 
performance In tiie Mann et al. (1984) study in which anlmacy^ptusSm" ^TdS 
eS^foX^* controUed Figure 1 presents a compaSson of thtit^ntt^t of 
errors for the good and poor readers on tht Object Manipulation Test in tiie two stules. 

♦1,?*^ r^der groups In tiie present study performed at a significantly higher level tiian 
S2L?J**2*?!f ^^"^ the subJectsTre a yLfou^riiZ 

2) 8% 5 . ^'^^ ^S- ^'^ compared wiOi 

^^^"^ *n '^th studies. Also, in contrast 

^^fn^nftf^'"^\^f^ "° differences between tiie reader gn^ups In this 
S^?^ ^ , t^« P«^««t error types. In sum. tiie reduction in percentage of errore 
that occurred In the present study strongly suggests tiiat poor readeTlmpa^d 
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perfomiance In earlier studies is attributable to processing factors, and not to a delay in 
the acquisition of syntactic knowledge. 




Figure 1. Comparison of the percentage of errors for the good and poor readers on the Object 
Manipulation Test in this study and in the Mann et al. (1984) study. 

A further aspect of the poor readers' performance on the Object Maniptdaticn Test 
supports this conclusion. This concerns the unexpectedly high incidence of errors on 
the ctonjoined-dause sentences. The difilculty, we suspect, may have been due to the 
unusual construction of these sentences. As explained earlier, these sentences were 
derived finom the OS relative clause sentences in order tf investigate the possibility that 
some subjects were adopting the conjoined-clause analysis posited by Tavakolian 
(1981). In the coi^oined^clause test sentences, the descriptive infonnation specified in 
the OS relative clause appears cjter the overt action is specified, as in (1 1), creating a 
conflict between the conceptual order of the infomiation and its order of mention. 

(11) CC The lady kissed the man and held Tin umbrella. 

Intuitively, one might suppose that in normal conversation the information in this 
sentence would have been conveyed in the following manner 

(12) The lady held an tmibrella and kissed the maa 

This intuition is supported by the finding that the second clause was enacted first in 
72.3% of all responses. The subjects appear to have treated the information in the 
second clause as if it were descriptive information representing some prior condition, 
even though conjoined-clause sentences do not have the inherent ordering of clauses 
charactenstic of sentences with restrictive relative clauses. Given that these conjomed- 
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^nWH!!« 1''°'^'^^ taformauon in a way that may have unlntentlonaUy 
Cn^.,Z^:^^°'^ coiwenuons. they may have Imposed a heavy processing load 

SSSSSS^^;* H*"*'" ^^^'^'y ' '^^ underscoL our 

contention that poor readers' performance on tests of comprehension is closely tied to 
aspects of processing, and not necessarily to aspects of syntactic complexity. 

In summary, the main finding was that the poor readers' performance on the relative 
clause sentences In the Cbject Manipulation Test did not dSfer from the good readw? 
performance either In percentage of errora or In pattern of respowIT aS) tS 
SI S" H ^''^ significantly reduced in comparison with the Mann et al-^iuly! 

S^iJS^T , "^.u * ^ these findings support the 

Processing Limitation Hypothesis over the Syntactic Lag Hypothesis. 

EXPERIMENT II: SENTENCE-PICTURE MATCHING TEST 

The second ocpertment was designed to test further for the possibility that certain 
sentences containing relative clauses are misconstrued by poof^deTaT^ rSeSS 
S:'^,^'^"^*^ ™» tyP« of error in comi^h^lon occurS^S 

SS^Jfh,!Tt P'e^ous research on interpretations of relative clause semS^S^ 

cJ^drcn (Mann et al.. 1984: stein et al.. 1984). It was reasoned that 
the Syntactic Lag Hypothesis Is correct, we would expect poor readSs to be more 
susceptible to a conjolned-clause Interpretation than^^od «ade«. ?ie ?ro^^ 

fhl!!?^"^ °^ * tendency to constnie sentences containing a relative clause as 
though they contain conjoined clauses can be made by forcing 1 chcSS between hJo 
r '^S;^!^ f ^^'"^ ^^'""^ conjolncd-clause anjysls. tecSSque wm umS 
SSSr!?*^ 1i examining comprehension of relatlvrclauses b/mSchTuMer 

mSTM^toh^T.'S'* ^r^<=°°^- Accordingly, a two-choice SenteSS- 

Picture Matching Test was constructed by modlfymg the sentenc*' m^tf^Hli 

c^u'J^TV appropriate pictures. pS^^efch so oT^d^S Xv^ 

clause sentence one picture foil depicted the Incorrect coniolned-STuse anafvlu 
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Materials 



m2 S Z?*'**''^^°*®^°'**^*""™brenalskl 'ng the man 

i« 2S S^S'^S**^"'* holding an umbrella. 

1 S ^ "«»brella is covering. 

(17) CC -nie lady is kissing the man and is holding an umbreUa 

^^^'t^riTs^^^s^^^^^ to 

sentences were Of the saiefonn as thr.eo?S?e:;:S^rj^^^^^ 
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their respective foils differed. Tlie picture foils for all sentejice typ.^ arc dcjcrlbcd in 
section C below. 

B. Test Deslgii: The test contained 40 sentences: the five (modified) sets of sentences 
(SS, SO, OS. OO, CO from the Object Manipulation Test plus five sets of the three control 
sentences (SS, OS, CC). Two test orders were prepared, corresponding to those in the 
Object Manipulation Test, but with control sentences interspersed. A pretest (modified 
from Baq>erlment I) was provided. All the items are listed in Appendix B. The test 
sentences were recorded on audiotape at a natural spealdn^ rate by the same speaker 
who recorded the sentences in Ebqperlment L Each sentence was preceded by an alerting 
beU. 

C. Picture Foils: Ihe notaUon introduced by Sheldon (1974) is used here to describe 
the foUs for c ^^ntences in the Sentence-Picture Matching Test. In this notation, noun 
phrases are numbered consecutively in the order in which they appear in the sentence. 
The subject and object relations of each verb phrase are indicated by a pair of numbers. 
Foi example, the correct interpretation of an SS sentence is 12,13. Thus, the correct 
response to sentence (18) has the woman (1) holding an umbrella (2) and kissing a man 
(3). 

1 2 3 

(18) SS The lady who is holding an umbrella is kissing the man. 

As we have seen, there are two possible conjoined-clause analyses for SO sentences 
(12,13 and 21,23). One of these (12,13) was the most commonly observed conjoined- 
clause response in both the Tavakolian (1981) and the Mann et al. (1984) studies. It was 
therefore selected as the foil for this sentence type. This ana^rsis of sentence (14) results 
in the interpretation, 'the man is kissing the lady and is holding an umbrella.* 

For OS sentences, only one conjoined-clause interpretation (12,13) is possible. For 
sentence (15) this interpretation yields '*the lady is kissing the man and Is holding the 
umbrella.* The OO sentences, like the SO, offer two conjoined-clause analyses (12,13 
and 12,31). Yotmg children in the T^akolian study gave one of these responses (12,31) 
slightty more often than the other. This was also the predominant error response to OO 
sentences in the Mann et al. study. Therefore, this error was incorporated into the foil 
for the OO sentence type. For sentence (16) the foil picture had the lady kissing the man 
and the umbrella covering the lady. 

A foil depicting a main-clause only interpretation was used for the target SS 
sentences. For sentence (13) this yields an interpretaUon of "the lady is kissing the 
man.* For the conjolned-dause sentences, an erroneous minimum-distance principle 
interpretation (12,13) was selected as a foil. For example, in sentence (17), this shows 
the lady kissing a man and the man holding an umbreUa. For the control SS and OS 
sentences, a relative-clc use-only interpretation was depicted in the foil (12 and 23, 
respectively). Finally, a flrst-dpuse-only (12) interpretaUon was used for the control CC 
sentences. 

D. Hctiure Spedflcations: In order to satisfy the felicity condiUons associated with 
restrictive relative clauses (Hamburger & Crain, 1982), two tokens of the object 
corresponding to the empty noun phrase in the relative clause were presented in each 
COTirect picture. The additional objects were placed in the background. For the foils, an 
extra object which did not satisfy the felicity condiUon of the relative clause, but which 
was appropriate for the sentence context, was included in the background to maintain 
the same number of objects in each picture. 

Each picture measured 4x6 inches, and was displayed on an 8 1/2 x 1 1 inch sheet 
with a one-inch border on the top, bottom and right side, and a 1 1 /2 inch border on the 
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IS £5! *° *f °°™°<*lte binding. In half of the arrays, the correct picture was placed at 
the bottom. A sample OS picture array is displayed in Appendix C. 



Procedure 



M^^f xJ^^ ? « ^! Matching Test was counterbalanced with the 

«il^L f"??"^" Experiment I: Method). The subjects, each of whom also 

participated In Experiment I. were tested Individually. For each trial, the picture army 
was presented tamedlately before the onset of the tape-recorded sentence. The subS 
ri!H,rilf!™*?* *° carefully to the entire sentence, to look carefully at both 
S„7i^. » *° P°*"* *° P*<=*"« that showed the meaning of the 

Headphones were used with the sound level adjusted for eachaSblects 
comxort. A sentence was repeated a second time if the subject requested It 



Results 



Separate analyses were performed on the relative clause sentences, the coniolned- 

r^J^'^""^:^ "^'-^ ^ ^ test orX Se 

remaining analyses were perfonned on the combined test ortiers. 

nf ~!?Si.*"f mean percentage of errors and standard deviations for each type 

i^Sf^H*?"** «™"P^- averaged 113% 

Si?r, ^^-^ ^^'32) = 4.69. p = .04. Although Sie poor 

readers cho^e the erroneous conjoined-clause Interpretation of relatSe cW 
sentences sUghUy (but significantly) more often than xht good readere botii read« 

Snt«^ ' ^ f«<=*' d&erei^e bS^^enSe me^ 

n^T^^^ errors for the two groups on this test was veiy similar to the dSfcrenS 
jL^^llf"" ^L^Ji""* '^^^P^latio" Test. Further, as waTthe case Xthf S 
Manlputetion Test Oiere was a highly significant effect of sentence type. ft3 96) = 



TABLE 3. Sdnt0nc«-Plctur« Matching Teat. 



M«an p«rc«ntag« of •rrors and standard d«viations 
for r«lativ« clausa santancas. 


Ralathwaausa 
Structura 


GoodRaadars 


Pc3orReadars 




Maan 


S.D. 


Maan S.D. 


SS 
CO 
OS 
00 


ao 

22.6 
5.0 
12.8 


17.4 
11.4 
17.8 


1.2 4.8 
38 8 31.8 
14.4 17.8 
20.0 19.4 
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Discussion 

On the Sentence-Picture Matching Test, there was a small, but significant dlflerence 
between the reader groups in the mean percentage of errors, i.e., incorrect conjolned- 
clause interpretations, for the relative clause sentences. However, no subjects 
consistently chose this interpretation across aU sentence types. Further, the dlflerence 
between the mean percentages of errors for the two groups on the Sentence-Picture 
Matching Test was very similar to the difference found on the Object Manipulation 
Test, and both reader groups were similarly affected 1^ variations in syntactic structure 
introduced by the different types of relative clause sentences. The fact that the poor 
readers g^cve a high percentage of con-ect responses on the Sentence-Picture Mate ^ng 
Test (an^^ on the Object Manipulation Test), together with the fact that they showed ^ 
similar pattern of errors across sentence types as the good readers in both tasks, 
suggests that the difficulties poor readers have shown with relative clause sentences in 
past studies cannot be attributed to a syntactic lag. 

In contrast with the results from the Object Manipulation Test, in which the reader 
groups differed only on conjolned-clause sentences, in the Sentence-Picture Matching 
Test conjoined-clau^e sentences yielded no reader group difference. We can only 
speculate about the reasons for this disparity. Certainly, the fact that the poor readers 
did not differ from the good readers in the percentage of errors on conjolned-clause 
sentence;^ in this es^erlment is in keeping with the lower overall processing demands 
Imposed by a forced-choice selection procedure (see Shankweller et al., 1984). In this 
case, the subjects merely had to affirm or deny the accuracy of what was depicted, rather 
than plau and execute a set of actions demonstrating comprehension of this 
intbrmatioa This Interpretation gains cogency in light of the analysis by Hamburger 
and Grain (1984)» who have explicitly characterized the processing demands associated 
with the planning st-sp in act-out tasks. They demonstrated, moreover, that by 
minimizing the processing demands associated with the planning step, young 
children's performance is enhanced. The fladlng that the poor readers were not 
Impaired in comprehension of conjolned-clause sentences when the processing load 
was minimized is, of course, consistent with the Processing Limitation Hypothesis. 
This finding cannot easily be assimilated by the Syntactic Lag Hypothesis. 

GENERAL DISCUSSION 

The aim of this research was to pinpoint the source of poor readers' comprehension 
failures on spoken sentences containing complex syntactic structures. S'tntences with 
relative cl ui%s provided a vehicle for testing between two hypotheses either of which 
could, in principle* explain the comprehension difficulties uncovered in previous 
research, as we saw, the SyntacUc Lag Hypothesis views poor readers as delayed in the 
acqulslUon of complin: syntacUc structures. Deficits in comprehension thus reflect a 
lack of full linguistic competence on the part of poor readers. On this account, poor 
readers arc e3q)ected to encounter difficulty with putatlvely late-developing complex 
syntacUc structures such as relaUve clauses. Their errors, too, should reflect their 
relaUvely immature grammars. For Instance, poor readers might be expected to make 
more conjolned-clause analysis errors than good r-aders if adult-like recursive rules 
have yet to become a part of their grammaucal knowledge. Further, since the requisite 
structures are hypothesized not to be in place, poor readers should be expected to make 
more errors than good readers in spite of steps one might take to reduce processing 
demands. 

By contrast, the Processing Limitation Hypothesis maintains that even the most 
complex syntactic structures are in place at the o.^t of reading instrucUon. Errors in 
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comprehension on the part of poor readers are not the result of gaps in linflulatic 
competence, but instead, are taken to reflect performance failures dertvm- xrom 
ddlclencles in verbal working memory due to limitations in phonological processinc 
The Processing UmltaUon Hypothesis, but not the Structural Ug Hypothesis! 
anticipated that poor readers would achieve a hlgi, level o. performance on the tas'ts 
wnployed in the present study, which reduce the buTdens on verbal working memory 
Further, the Procesirfng UmltaUon Hypothesis anticipated a substantial reduction in 
errors in the present study as compared to previous studies in which steps were not 
taken to hold processing demands to a minimum. Finally, this hypothesis predicted 
that poor readers overaU performance should parallel that of good readers. 

In keepirig with these predictions, the poor readers In the present study performed at 
a high level of success on Loth experimental tasks. On the Q-ject Manipulation Test 
they were not differentiated from the good readers either with respect to percentage of 
errors or types of errors. Further, there was a significant reduction in the oercentMe of 
erron as compared to the object manlpulaUon test of Mann et al. (1984); a difference 
that must reflect the ^ecttveness of our attempt to simplify the task. Finally, the poor 
JSu^ ^SJSfjS ? ^ * ^ conceptual manner as the good readers. On the Sent<Sct- 
Picture Matching Test, there was a marginally significant reader group difference. 
anT^^;*^ "If:^ 'rfl'^?* ^ <»«^te from the7ood reader on 

TrZ^^ "^""^^ *° acquisition of aynUctto knowledge 

of relative clauses e.g.. different types of errors, or a dmerent rank order of difHcuSv 
across types of relative clause sentences. Taken together, these findings support the 
SSfnSTKli'^f UmltaUon Hypothesis that both reader griSps are 

S^SS^^S^i! ^ competence, and that any differences in comVehSnsion 

in childr«i differtag In reading ability must be attributable to other causes. We SSSd 

those tested in the Mann et aL study. This adds to the weight of the evTderS to favor 

LUmtoUon Hypothesis. Under the SyntaSTc Lag Hypothesis yoZ« 
poor readers would more likely show evidence of delayed wquSSion of comX 

cSn'r^Lt^"*"?*- ^ the preset Sud?wire aTfe to 

iJ^I!. - ^ containing complex relative clause constructions when 

KSr^^^nn'' ? ^ Hypothesi^'r^nJereS 

less plausible as an explanaUon of poor readers' comprehension difflculUes. 

arfS2S;n?i«"il*l!!SJ^*^' over a range of measures indicate that poor readers 
are deficient to phonological processing. It has been hypothesized tha* one conseaueme 
f« f deflcdt is failure to apprehend the phonolpgS structur^of wo^^SS^? 
l«)njnately difficult for the child to discover how the spelling of Uie wSte SS^to 
^i£SSn;^?^'*?'*ru °" hypothesis. thTd^lopment of efficient woS 

**,?^P««<» because the affected individual has riot Samed to 
decode. As indicated earlier, there exists c. ^slderable empirical support for this cSrn 
nr'^.^^n-'^ difncuiues are not the only consequence^f a defSt to phS^SloS 
of ^.2fo?*- \P^°"°l°8^al deficit may also taiposc severe UmitaUons on throperaion 
'^:^''^'^.'^^^^t^l^Z^^ "^^ adversel^^bTrto" 

sen^ln^rm&r^^^^^^ 

ac^nrof-.-^^^^^ 
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1985, for a related accotint). This follows from a vexy general assumption concerning 
the architecture of the language apparatus. To explain how a deficit at one level can gtve 
rise to dysfunction at other levels, we have appealed to the proposition that the 
language apparatus consists of hlerai jhlcal^-' organized subcomponents with 
information flowing unldirectionally from lower lO higher levels of the system.^ A role 
for verbal working memoiy is posited to support processing within each structural 
component of language and to effect the orderly transfer of information between 
components. (Other accounts which emphasize the control functions of working 
memoiy in addition to its short*term storage functions have been advanced by 
Baddeley & Hitch, 1974, Laneman & Carpenter, 1980). 

This conception of poor readers* difficulties in processing spoken sentences applies 
with even greater force to reading, because reading imposes an additional step upon the 
language understanding system— a phonological interpretation must be assigned to an 
orthographic representation by a decoding step. Whereas In spoken language word 
recognition Is carried out quite automatically by machineiy which evolution has 
crafted for this purpose, reading depends on orthographic skills that are not part of the 
biological endowment for lax^uage (see Llberman, 1988, for discussion). When 
orthographic decoding skills are poorly established, as in ths case of a beginning reade:* 
or a person with a persistent reading disability, sjmtactic and semantic processing is 
severe^ hampered because the limited vc *^al working memory resources are used up in 
attempts to identify the words of the text. Thus, until word recognition skills are well 
established, reading may be expected to impose greater demands on processing 
capacities than speech (Shankweiler & Grain, 1986). Here, as in the case of spoken 
sentence comprehension, failures to understand complex structures may be 
attributable to limitations in phonological processing and not to a delay in the 
acquisition of syntactic structures. Therefore, in reading comprehension, as in spoken 
language comprehension, we sliould observe improved performance in higher level 
processes when demands associated with lower level components of the task are 
reduced. 
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APPENDIX A 

Stimulus Sentences for Object Manipulation Test 

SS The lady who held an umbrella kissed the man. 
SO TTie man who the lady kissed held an umbrella. 
OS The lady kissed the man w^o held an umbrella. 
00 The lady kissed the man who an umbreDa covered. 
00 TTie lady kissed the man and held an umbreDa. 

SS The lady who carried a suitcase ':ouched the man. 
SO Tht lacfy who the man touched carried a suitcase. 
OS The man touched the lady who canied a suitcase. 
00 The man touched the lady who a scarf was on. 
00 The man touched the lacfy and carried a suitcase. 

SS The boy who carried a banana chased the monkey. 

SO The boy who the monkey chased carried a banana. 

OS The monkey chased the boy who carried a banana. 

00 Thf. monkqr chased the boy who a hat was on. 

00 The monkey chased the boy and canted a banana. 

SS The girl who hugged a teddy bear pushed the boy. 

SO The boy who the girl pushed hugged a teddy bear. 

OS The girl pushed the boy who hugged a teddy bear. 

00 The boy pushed the gill who the Ice cream feU on. 

00 The bey pushed the glii and hugged a teddy bear. 

SS The giraffe that ate the hay foDowed the elephant. 

SO The giraffe that the elephant followed ate the hay. 

OS The elephant foUcwcd the giraffe that ate the hay. 

00 The elephant foDowed the giraffe that a rope hung from 

OC The giraffe followed the elephant and ate the hay. 



Pretest 

Hie girl pushed the boy. 

Hie man touched the lady. 

The monkey followed the giraffe. 

The bey held a teddy bear and the girl carried a baU. 

APPENDIX B 

Stimulus Sentences for Sentence-Picture Matching Test 

SS The lady who is holaing an umbrella ly- kissing the man 

SO TTie man who the lady is kissing Is holding an umbreUa* 

OS Tje tody is tossing the man who is holding an umbreDa 

OO TJeta^ is kissing the man wLo an umbrella is covering 

OC nic lady is kissing the man and is holding an umbreDa 
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SS The lady who is canylng a suitcase touched the man. 
SO The lady who the man is touching is carrying a suitcase. 
06 The man is touching the lady who is canying a suitcase. 
00 The man is touching the lady who a scarf is on. 
00 The man is touching the lady and is canying a suitcase. 

SS The boy who Is cairylng a banana is chasing the monkey. 
SO The boy who the monkey Is chasiiig is carrying a banana. 

05 The monkey is chasing the boy who is canying a banana. 
00 The monkey is chasing the boy who a hat Is on. 

00 The monkey Is chasing the boy and is carrying a banana. 

SS The girl who is hugging a teddy bear is pushing the boy. 

SO The boy who the girl is pushing is hugging a teddy bear. 

06 The girl is pushing the boy who is hugging a teddy bear. 
00 The boy is pushing the girl who the ice cream is falling on. 
00 The boy is pushing the girl and is hugging a teddy bear. 

SS The giraffe that is eating the hay is following the elephant. 

SO The giraffe that the elephant is following is eating the hay. 

06 The elephant is following the giraffe that is eating the hay. 

00 The elephant is following the giraffe that a rope is hanging from. 

00 The giraffe is following the elephant and is eating the hay. 

Control Sentences 

SS The lady who is wearing a hat is hugging the baby. 

06 The lac^ is hugging the baby who Is wearing a hat. 

00 Hie lac^ is hugging the baby and is wearing a hat. 

SS The clown who Is holding the flowers is hitting the girl. 

06 The girl is hitting the clown who is holding the flowers. 

00 The clown is hitting the girl and Is holding the flowers. 

SS The girl who is holding a ball is kicking the boy. 

OS The boy is kicking the girl who 1*^ holding a ball. 

00 The boy is kicking the girl and is holding a ball. 

SS The boy who is eating the ice cream is pulling the girl. 

05 The boy is pulling the girl who is eating the ice cream. 
00 The girl is pulling the boy and is eating the ice cream. 

SS The cat that is wearing a bow is licking the rabbit. 

06 The rabbit is licking the cat that is wearing a bow. 
00 The cat is licking the rabbit and is wearing a bow. 

Pretest 

The girl is pus*iing the boy. 

The man is touch^ the lady. 

The monkey is following the giraffe. 

The boy is holding a teddy bear and the girl is carrying a ball. 
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APPENDIX C 



Sample Picture Array for Sentence-Picture Matching Test 




OS The lady is kissing the man who is holding an umbrcUa. 
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FOOTNOTES 

* Applied I sycholinguistics, in press. 

^Also University of Connecticut, Storrs. Now at Neurolinguistics Laboratory, Institute of Health 
Professions, Massachusetts General Hospital, Boston. 

^Also University of Cbnnecticut, Storrs. 

^The evidence that poor readers share in common difficulties in decoding words in print is 
overwhelming (see Chall, 1967; Perft^i^ 1985; Stanovich, 1986). Evidence that the decoding problems are 
a reflection of wider deficiencies in processing the phonological components of language is 
sununarized in several places (Ubeman k ShankweUer, 1985; Rczin k Cleitman, 1977; Shankwdler k 
Liberman, 1972). Verbal working memory is another aspect of phonological processing that is deficient 
in poor readers (see Jorm, 1983; Liberman k Shankweiler, 1985; Wagner k Torgesen, 1987). 

^It should be noted that the difficulties poor readers encounter in sentence comprehension would often 
be nUssed in everyday settings, but may come to light in tasks that present complex structures without 
the contexttial support that is found in ordinary spoken discourse. 

^In this study, a subject's score for each DST subtest consisted of the number of items read cor ectly 
prior to making ten enors in a row or compleHng the 60-item list. The maximum combined score was 
120. 

^Considerations governing the selection of an appropriate control group in investigations of the c« . ses 
of reading disabtiity are discussed in Shankweiler, Crain. Brady, k Macaruso (in press). 

^Erroneous conjoined-dause interpreUtions of each type of relative clause sentence are described in 
Tavakolian (1981). Fbr example. In SO sentence (7> ^ conjoined-clause misanalysis yields two possible 
interpretatioiis: either the man kissed die lady ana neld an umbrella, or the lady kissed the man and 
held an umbrella. Tavakolian supposed that her preschool subjects may have applied preexisting 
phrase structure rules for conjoined clause sentences to relative dause sentences. 

^Minimum distance errors are based on the minimum-distance ^M»v.^le which holds that a noun most 
proximal to the verb is interpreted as its missing subject (Chomsky, 1969; Rosenbaum, 1967) that were 
noted in the Mann et al. (1984) study, failed to distinguish between reader groups in the present study. 
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'For the SO sentences. In which the descriptive information is contained in the main cbuse subiecta i.i 
Ute p««t study acted out the main cUuse fi„t 80.6% of the time (good madeS 74 Z^^^^rtSTe,;- 

fi?^^ " ^ "° descripHve information. In that study both 

the good and poor readers acted out the relative clause first 100% of the time for the SO sentences 

OO sentences, the two response tendencies cannot be separated for these sentence types. 
«It is important to note that the poor readers did not have more difficulty than the good readers with OS 

a^LT *J«.'«»''"«»' ''-^P^ve infonnaHon followed^^^'o" ovS 

action, as in the conjomed<Iause sentences. The absence of reader group difference, on OS sentences 

STn^ntlt'tr^ "^'' "^ °^ 'he two senten^lrF^s 

Conceptually, the second conjunci of a conjoired-clause sentence is generally the (temporally) s«ond 
eventin an action sequence. In contrast, the reUtive clause, which appearsLond inTn (5s' 
has been found to denote the conceptually prior event in sentences which contain two action 
sequences (see Hambui^ & Grain, 1982, for discussion). 

*^H^V^^Z^t^°f^ rfl?" * ^"^^'^ i^^'^ "^^'"h o" »P««h a,.d reading 

L***™'"' C^Per- Shankweiler, & Studdert-KennedVl967). 
view^ of the language processing system have been advanced by fcrster (1979) and F<ior (1983) 
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Thts chapter dexribes a recent longitudinal study which illustrates the role of 
ptono/o^/ iigci««rf« in deDelopmental reading problems. In that study, a 
population of chUdren received a battery of phonological tests and a test of 
reading abtltty aich year between kindergarten and first grade. The test battery 
was concentrated on three areas of phonological skill: 1) awareness of 
phonologtoil structure, 2) retrieval and perception of phonological structure and 3) 

"'^"'V' ""^ « P"""' t'sts of these 

Itl^Z .'"Tl'T"'"' '''^ ""^"""^ f"' '=^tra-linguistic demaLs on 
attention, logical deducHon, grapho-motor skill, etc. 

l^T^^ii '"^"^""^ cross-longitudinal lime lag correlations, 

G:^L'^J^i'^:^'^'T'"''rT^ """'y*^ -^''^^ comparisons 

b^een good and poor readers. Three major conclusions are supported: 1) 

rn^Z TTl " "''y reading problems 1) In 

'«»':««««««^ realms of cognition are ^t strong y 
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In this chapter we will review some of the evidence that links reading ability to 
spoken language skills, and we will be describing in some detail a longitudinal study 
which shows how certain spoken language skills can actually presage the success with 
which a kindergarten child will leam to read in the first grade. The language skills 
which we will examine are phonological skills— those skills which operate on the basic 
sound elements of language and the regular patterns among them. These are of 
particular importance to beginning readers of alphabets (Uberman & Maim, 1980: 
Lundberg, OlolTson, & Wall, 1980; Mann, 1986a; Stanovich, Cuimingham, & Cramer, 
1984; Wagner a^orgessen« 1987), because alphabets are transcriptions of phonological 
elements (see Uberman et al., 1980). Above and beyond their role in decoding an 
alphabeUc writing system, phonological piocessing skills are also important because 
they mediate all spcken language communi'^»tion. 

One phonological skill which relates to children's ability to read an alphabet is the 
ability to manipulate phonemes and syUables. An explicit (metalinguistic) awareness 
about phonemes is particularly critical to the child's realization of what the alphabet is 
•all about" because phonemes arc more-or-less what the letters represent. This insight 
about the demands of an alphabetic writing system has led many investigators to 
consider beginning readers' awareness of phonemes as a factor in their reading success. 
They have examined children's reading behavior (Mann. 1984: Shankweiler & 
Libennan, 1972) and spelling errors (Uberman et al., 1986: Mann et al.. 1987) as weU as 
performance on various tests that directly measure the ability to count, delete or 
otherwise manipulate phonemes and syllables (another aspect of phonological 
structure). All of these diverse approaches have shown that insufllcient awareness 
about phonemes is a common trait of poor beginning readers whereas superior 
awareness about phonological structurti associates with superior reading ability (for 
reviews, see: Uberman, 1983: Mann, 1986a: Mann & Uberman, 1984: Mattingly, 1984: 
Stanovksh, Cunningham, & Cramer. 1984: TVeiman & Baron, 1981, or PerfetU, 1985). 

Other, more fundamental, phonological skills are also linked to early reading, and 
they invohre the ability to process spoken language. Several types of phonological 
processing skills are now known to distinguish poor readers from good readers. For 
example, reading problems often associate with a problem in retrieving and perceiving 
the phonological structure of words. With regard to the retrieval of phonological 
structures, good nsaders make fewer errors than poor readers when naming letters or 
pictures-^tasks which require them to retrieve spoken words from their mental lexicon 
(Katz, 1986; Wolf and Goodglass, 1986), With regard to perception, good readers' 
perception of speech in noise tends to be superior to that of jr read-rs. although the 
two groups do not differ in audiometry and perform at more or less the same level when 
the test items are nonlinguisUc sovnds such as a cat meowing or a door slamming 
(Brady et al., 1983), Thus the problems of poor readers appear to be conftned to the 
lingt*lstic domain. 

Another area of phonological processing which is linked to reading skill has been 
identified by studies of short-term (working) memory (see, for example: Brady, 1986- 
Jomi, 1979: Mann et al,. 1980; Mann & Uberman. 1984). It has been shown that good 
readers surpass poor readers in the abiUty to recall sequences of letters, whether 
written or spoken (Shankweiler. Uberman, Mark, Fowler, & Fischer, 1979). Good 
readers also surpass poor readers in the ability to repeat strings of spoken words (Brady 
et al„ 1983: Mann et al.. 1980) and e\'en in the ability to repeat meanliigful sentences 
(Mann et al,. 1980). However, studies which have examined the recall of non-linguistic 
material such as unfamiliar faces, nonsense drawings or visual-spatlal sequences on 
the Corsl block test reveal no differences between good and poor readers (see Uberman 
et al.. 1982 and Katz. ShankweUer, & Uberman, 1981, for example). It is only in those 
cases where the to-be-remembered material is either spoken utterances or nameable 
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JSldJls*^"" *° ^^"^ sigiuncant differences between good and poor 

ur^a^^ f!^^ P*"*™ of children's responses when they attempt to hold 

llngulsUc material in memory, and their susceptlbUlty to a manipulation of 

^S^Tn^/T'"^ ' r" '^^'^ explanauon Of toe poor readers' dScul^ 

with holding phonetic InformaUon In working memory. These children may fall to 
recall iingulsUc material as well as good readers do because they enS,u^er some 
difficulty Witt using a speech code (phonetic representaUon) in worklM memo^^e 
for a review Brady. 1986; Mann. I9fi6a). n,e impact of this working mSSory proWem 
quite far reachliig: it leads to problems in such "higher" leveteof la^uag^usras 
sentence comprehension (Crane & Shankweller. 1986; Mann. Smith. &ShSkweil« 

rJ^ I'iS"^; ^ readers in the early elementary grades can be distinguished 
from good readers by phonological deficiencies In at least Uiree areas 1) aw^ness of 
phonological structure 2) retrieval and perception of phoru^S^li^ct^^s^^Sli 
of phonetic representation in ,.orklng memory. In further studies of dSclenciS 
f^-.f'if f investigators have recoSiSTthe niS S 

nX^^tJ^^r'''^ ^ phonological denclencSlr^Sge "adl^ 

problems. Longitudinal research is an attractive approach because it bote vaUdates Md 
enhances research into the basis of reading disability. It is the only XJSe me^nTof 
determining whether individual differences ux phonological sMirrcS^S^se 
d^erences in reading abiUty. as opposed to being their cor^querS It^ adSes 
two very px^cucal needs that teachers and school systems muS^ facc-Sel^wd for 
preschool screening and the need for more effecUve rSdiaUon and aS^ctaieiS 

f Jh?v?u^d*?'loZSHlno?l? that have concerned early reading problems, relatively 
w ^ul^i longitudinal design to probe the determinants of tiiose problems. Those 
few studies, ho^-eyer. have been quite promising. They have rwealed that dSdren whS 
become poor readers in the flrat grade tend, as kindergartnera.ToTlwsl^arrof 

GoodltSSrTMfi? «nrt }!f. ' Hf*'.*"'* *° (Mann. 1984. Wolf & 

uSrSS^'l^l cSSrir ^"k *° ^^**t strings of words (Mami. 1984; Mami & 
^^r^ii^^eSlSrr^^^ ^ ^these three areas 

of testing, and many have also failed to compareTn^StiTte^ ?o ?ie 
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Longitudinal research makes such comparisons readily available. These 
considerations led us to conduct a study which addressed three questions: 1) Do 
phonological deficiencies actually cause reading problems as opposed to being their 
consequence? 2) When the extraneous demands of individual te^ts are taken into 
account, do phonological deficiencies remain the best eflcctive k ic; s of future 
;dlng problems? and 3) Should poor readers be char'^^terlzed as ^>honologically 
delayed/ or they "phonologk?ally deviant" relative to normal and superior rer,d«^rs? 
We now turn to a detailed report of the methodology and the analysis of the results. 

Method 

S:dHects. All subjects were recruited from three public elementary schools in the 
northwestern suburbs of Philadelphia. They participated vdth the permission of their 
parents and at e convenience of their teachers. 

The design called for two years of longitudinal tes* g beginning with the 
kindergarten year. At the onset of the study, 106 kindergarten children participated, 
and they were divided Into two groups. One ^roup of 51 children was tested in the fall of 
each year (between* the second and fourth months of th^ school year), and the other 
group of 55 children was tested In the spnr*g (between the ninth and tenth months). 

TTie following year. 70 of these children were available for first grade testing, 31 In 
the fall group and 39 In the spring group. Children tested l2\ the fall of kindergarten 
were seen In the fall of first grade; those tested In the syrmg o^ kindergarten were te^^ted 
In the spring of first grade. 

After tht study had been completed, 50 of tlie children were available for a reading 
test which was administered at the end of the second grade. The results of this test 
appear In the tables, although we /ill focus our analysis on the prediction of first-grade 
reading ability. 

Mat.rial» 

-2ach year between kindergarten and first-grade, t -e administered a battery of tests to 
determine whether certain phonological skills prt Hcted future reading ability. The 
battery induced five diffferent phonological tests and fitre non-linguistic control tests 
that made similar demands on attention, logic, motor skills etc. without demanding 
linguistic skills, per sc, 'Cwo linguistic tests examined children's awareness of 
phonolof^CQl structure, a test of syllable awareness (as employed in Marm & Liberman, 
1984), and an inverted spelllrig test (as discus.-*5d in Marm et al., 1987). The 
nonllngulstlc controls for these tests included a test of angle awareness (from Marm, 
1987) and the Goodenough Draw-a-Man test (Harris, 1963). Two linguistic tests 
examined retrieval and perception oj the phonological struUure of words: a speeded 
letter naming test (from Mann. 1964) and a test of word perception In noise [bom Brady 
et al., 1983). The nonimgulstlc controls for these included a test of environmental 
sound pcrccpUon In noise (also fiom Brady et al, 1983) and the Denckla test for speed^^d 
fine motor coordlnaUon (Denckla, 1973) which was only given in Phase II. The final 
linguists test was a wjrd string recall test (the nonrhymlng word strings from Mann, 
1984), which examined the ability to make use qf phonetic representation tn working 
memory. The control for thk test was a test of memory for visual-spatial sequences on 
the Corsl bk)c!£s (as discussed In Marm & Liberman, 1984). 

In addition to tbe cy :>ertmental test battery, we also administered a reading test each 
year of the Audj , .e., the Word IdentlficaUon and Word Attack sub •sts of Form A of the 
Woodcock Reading Mastciy Tests: Woodcock. 1973). A measure a , (the vocabulaiy and 
block design subtests of the WPPSI) was also taken during kindergarten testing. A 
detailed d jcrlptlon of each part of our battery follows, with each non-llnguistlc 
control tests described following the phonological test that it concerns. 
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1. Awareness of Phonological Structure 

1.1 Syllable Counting 

-.tH^iSli'*'^/ shortened version of the syllable counting test developed by Ubemian 
et al. ( 974) aixd employed in Mann and Ubeiman (19f 4). The child was asked to deduce 
^nHr'/rnt,* countLr game ^.hich Involved using markers to count the nuinber of 
units (syllables) in spoken words. The instructor presented four different series of thr^e 
braining items like "but. butter, butterfly which systemaS^y mussed t^^^^^^^ 
sy lable words receive one marker, two syUable words receive two m^ken. ete 
Without referring to the term "syUable." Feedback was tf'-n until thS^hUd "could 
coirecdy "count" each item in each of the tralnl.ig series. v:i test items then followed 
without response .feedback (i.e. . the first 2 1 of the 42 items from the Libenmu- et S tS 

M«'^i7«J,?f«^l^ "^^^Tc^ ""^ber of correct items'tSc." 

Il^i- * pass/fall score ^ASPF. Max.=l) in which pass denoted at leastav<^ 
correct responses in a row. 

1.2 Angle Counting 

This test was analogous to those in the syllable counting test described above The 

SSSeS^r,^,'* ""^^ whicJJTontained iSt^eefS^e ^^d 

three thirty di^e angles embedded within their contoui^; the child's task was to count 

^ The fovr train^i^^rp^n^S 

drawings wh eh vailed progressively along a dinfension of compSdS^rom^Ucit 

^^hfeT^' H^^f "^T' P«s.nted'd«^7SfS^ 
scenes and objects. Scoring was the same as in the syllable awareness test the total 
number of correct items (AAC. Max. = 21) and a pass/fall score (A^^mL = 1) 
13 Invented Spelling 

w '^n^^ ^ described in Mami. Tobin and Wilson (1987). m it. children 
0 presented with fourteen wcrds to which young children often awr -»nv*.r,t»r. ^ 

Keaa. 19861. TTie children were asked to try to "wrtte" ea^-*" wcrd as best th^ n^^,.^ 

^r^ir- "^^^ instructor en "uSgS tSl'^o^^^^ 

^ many sounds as th^r hear. The scoring of each word involved a fom^poim s?^ 4 
points we.-e given to words that were correctly spelled, but uo *o 3 notat* ^^'.t 
unorthodox spellings that capture, the phonological itr^cturelf th^J^^rd (Is S^^I- 
for "people-). The score was the sum of points acmss individual worts (Sc mS.^ 56) 
1.4 Draw a Man 

coSJJi^\?^" ^^^^ 'e^"*"'* ^*lldren to draw a human figure Scorinif 

2. r .trleval and Perception of Phonological Structures 

2.1 Speeded Utter Naming 

^aSS !Sf:if^" ^ P^sented children with a ftve-by-llve arrav of 

2.2 Denckla fine-motor coordln-^on 

ERiC^*"'"^''*^ ^^f"^'^ "/ f"'"'' f^'^i ProbUm '■ ■ 
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etc.) The acorc was the elapsed time (DFTn. This test was Introduced into the study after 
the klndeigarten phase of testing had been completed. 

13 Perception of Spoken Words in Noise 

This test, adapted from the materials of Brady et al. (1983), consisted of 24 high 
frequency words, each masked by signal correlated no'se. These were divided into two 
lists of 12 words each, one for use in kindergarten and one for use in first grade. Each 
list was preceded by two practice items; children's task was to identify each word, ihree 
points were given for each correct item and one point if the vowel alone was correct. Hie 
score was the sum of points across words (PWN, Mar. s 36). 

Z4 Perception of Environmental Sounds kt Noise 

This test, also adapted from Brady et al. (1983), included 24 environmental sounds 
that had been masked in broad-band white noise. Twelve of the stimuU were used for 
kindergarten testing and twelve were used in first grade. Practice items preceded the test 
items, and children were asked to ident y each sound (i.e., a plane, an orchestra, a cat, 
etc.) Each correct response merited 3 points, and a scoring system (as in Brady et al., 
1983) gave 0, 1 or 2 points according to hov/ closely an incorrect re^nse matched the 
correct one. The score was the sum of points across stimuli (PSN, Max. s 36). 

3. Use of Phonetic Representation in Working Memory 
3.1 Word String Recall 

Tac materials for this test were taken from Marm (1984) and consisted of seven word 
.siririgs, each four words long. The words were drawn from the A and AA sets of the 
Lorge-Thomdlke cc unt and ^ach occurred only once. For the purpose of testing, the 
strings were prerecorded by a female native speaker of English who kept intonation 
neutral and spoken one per second. Puring testing, the child was told that he/she would 
hear four words, and that he/she should remember them and repeat iticm in order as 
soon as the fourth word was heard. Responses were scored in terms of tht number of 
conect responses, surrmied r^cross the seven vrord strings. Following Marm al. (1980), 
\ '"0 scores weie computed, one was independent of nrder (WSF, Max. = 28) and the other 
w. . order-strlct (WSS, Max. = 28). 

3:i Corsi Block Recall 

This test, as described in Mann and Llberman (1984), was administered with a set of 
nine black cubes scattered about a flat black base. Each block was identified by a 
number which only the cxperimonter could see; during testing, predetermln :i 
sequences of blocks were tapped* at the rate of one per second: the child watched a: d 
attempted to reproduce each sequent j. Testing began with four sequences of two blocks, 
followed by four of three blocks and four of four blocks. Two scores were computed, an 
order iruiepcndent aco^e (CBF, Max. s 36) and an ord*!r-strict score (CBS, Max. = 36). 

Trootdmt 

Each year, testing began with group admlnistraUon of the Invented Spelling itst and 
the Drsw-A-Man test, then proceeded to individual admlnlstraUon of the remalnirft 
tests which were given in a fixed, counterbalanced order over the course of two 
cxperimentai sessions. In the first session, the WPPSI subtests were admlnlsferei (in 
kindergarten onfy), followed by one of the -perceptlon-ln-nolse" tests, one of the 
•counting* tests r.id the Denckla test I (in first grade only). In the second PCS jon, the 
letter naming test, the reading tests, the word string recall test, the remaining 
"percepUon in noise" test, the Corsi test and ihe remaining "counting" test were 
administered. 
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Results 

J^IL^"^^.^ summarized In Tables 1-5 and in Figures 1-3. Examlnauon of Table 1 
vdU tadlcate the appreciable gains In reading ability that children achieved over the 
course of the study and some analogous gairs in performance on the test battery. Tlie 
prtmaiy question to be asked is whether performance on the phonological tests predicts 
future reading ability. To this end. we first report an analysis of toe datfSJch has 
jr^: 1) Time-lag and Partial Correlations. 2) Multiple I^gresslons '^dtm^^^^^ 
Analysis. A second question concerns the characterlzailon of poor readers' oroblems 
j^h phonokglcal tests, and toe possibility toat toey exhibit so^e typTof^tSSS 
^'r^J^^ « ^ compansonJ between good and 

SS? .t^T: ^^"^ t^at ^ obtained In each phase of 

S^t gra% kindergarten, spring of kindergarten, fall of first grade, spring of 





KiRdargartan 

Fan Sorinq 


First Grada 


Reading Abiiity: 
Word 10 
Word Attack 


1.55^5.05) 
0.00 ( 0.00) 


8.11 (20.51) 
0.00(0.00) 


17.86 (22.10) 
6.60 ( 6.69) 


71.89 (21.96) 
24.96 (15.30) 


Counting twts 
Linguistic: ASC 

ASPF 
Control: AAC 
AAPF 


7.28 ( 2.77) 
0.10 r 0.30) 
7.90(2.37)" 
0.10(0.30) 


8.11 (4.31) 
0.15(0.36) 
7.56 ( 2.45) 
0.09(0.29) 


10.27(4.13) 
0.40 ( 0.50) 
7.80(2.22) 
0.11 (0.32) 


12.49 ( 5.22) 
0.55 ( 0.50) 
7.53 ( 2.49) 
0.22 ( 0.42) 


hhonological Awaranass: 
Invantad Spalling 

Linguistic: BC 
Control: 0AM 


12.36 ( 7.67) 
15.61 (5.59) 


20.60 (12.04) 
20.44 ( 6.23) 


36.52 ( 9.78) 
16.20 ( 3.87) 


51.54(4.72) 
20.58 ( 5.65) 


Phonological ratriaval: 
LNT 
LNE 


61.16(42.65) 
4.67(4.67) 


41.67 (28.49) 
1.42(1.42) 


32.76 (22.67) 
0.93(1.20) 


1 .32(4.20) 
0.09 ( 0.29) 


Phonologicai Parcaption; 
Linguistic: PWN 
Control: PSN 


16.39 ( 1.74) 
9.80 ( 3.72) 


1 -.06 (2.35) 
6.36(2.96) 


16.13(1.68) 
10.56 ( 3.02) 


19.84(2.25) 
10.33 ( 2.62) 


rnonoiogicai WorWng Mamory: 
Linguistic: WSF 20.22 ( 4.50) 

WSS 13.98(7.71) 
Control: CBF 32.90 ( 2.01) 

CBS 27.33 ( 4.53) 


20.56 ( 4.86) 
15.76(8.29) 
33.87(2.13) 
29.54 ( 4.80) 


23.78 ( 2.98) 
19.58 ( 5.83) 
34.87 ( 1.27) 
31.71 (3.J?1) 


23.56 ( 3.44) 
20.53 ( 0.83) 
35.78 ( 1.12) 
32.46 ( 2.64) 


wrroi suotasts. 
Vocabulary 
Block dasign 
10 


16.98 (.3.45) 
12 22(3.23) 
104.65 ( 8.34) 


18.84(4.10) 
14.93 ( 2.49) 
103.91 ( 6.40) 
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Crofs-ljig and Partial Conelations 

There arc several ways to determine whether performance on a given test predicts 
future readii:g ability. One Is to use longitudinal cross lag correlations, a form of 
analysis which asks whether kindergarten scores on the experimental battery bear a 
stronger relationship to first grade reading ability (forward) than first grade scores on 
that battery skills bear to kindergarten reading ability (backward). Do phonolot,icai 
skills predict reading ability to a higher degree than reading ability predicts 
phonological skills? T^ble 2 Indicates that, for seven of the elg A lUiguistlc tasks the 
forward-directed •predictive" relation is indeed a higher value than the reverse- 
directed "contror relation. Tfiese tests include seven out of the eight measures of 
phonological skill: thw two measures of syllable cotinting performance (ASC and ASP), 
the invented spelling test of phonological awareness (ISC), the two measures of letter 
naming ability (LNE and LNT which is only greater in the case of the fall testing), the 
two measures of word-string recall (WSOF and WSOF which is only greater in the case of 
spring testing). In contrast, only one of the seven nonlinguistlc control tests is more 
predictive of reading ability than vice versa (i.e.. the order-strict Corsl block test. 
WSOS) ^iid this is apparent inly in the spring sample. For one test (the Praw-a-Man 
test. DAM) the control relationship was actually stronger than the predictive one. and 
in a^l other cases the relations were either equivalent or non-signlflcant. 

A secor4 means of evaluating the predictive power of a test is to consider partial 
correlations. Performance on many of the tests within the experimental battery was 
*elated to performance on the Woodcock subtests (measured in terms of the combined 

amber of correct responses), as can be seen in Tables 3 and 4. However, kindeigaxtcn 
reading ability is also related to first grade reading ability and to performance on many 
of the battery tests. For this reason, it is possible that any correlaUons between the 
kindergarten scores on the test battery and first grade readlrig ability are by-products of 
kindergarter reading ability: phonological skills could be consequences of reading 
rather Lian causes. To control for this possibility we can set a criterion, following 
PerfetU (1985) and Wagner and Torgesen (1987) u at any test which truly predicts 
reading ability should remain correlated with first grade reading ability when the 
contrlLMtion of kindergarten reading abiUty is removed by the technique of partial 
correlations. Many of the phonological tests in our battery pass this control, which w^ 
takr as evidence that they arc true predictors of future reading ability. 

Spedflcally. the tests which remain significantly correlated at p <.05 include the fall 
testing of syllable awareness (both ASC r>..41. «28)a2.38 and ASPF. i(28)=2.11). 
Invented spelling (r r,59, «28)a3.86) and naming speed (both speed r^ -.36. <(28)=2.12 and 
errors i*-,40, H28)*2. 12). In the fall testing, the ordered word string recafl feU Just short 
of Significance (m.29 t(28)al.8). For^rlng testing, the predicUve tests included the tests 
of syUabJc awareness (both ASP. n^.Sl. t(36)s3.28 a.d ASPF. r^.51. «36)=2.62). the 
invented spelling test (r».34. ((36)=t2.17). letter naming speed (nr-.41. ((36)=2 84). and the 
word string recall (ordered score. n».40 tf36)a:2.88). The WPPSI vocabulary test was also 
predictive in both fall (n..25, tf28)«2.76) and spring tf36)=2.l8. r= .33). although the 
block design test was not. Finally, the Corsl block o-Jered score was significantly 
related to future reading abiUty in the spring testing, (nr.35. tf36)=2.24). but not in the 
fall, consistent with the time-lag analysis. 
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Fall Testing Spring Testing 

Predictive Control Predictive Control 



forking Memory 
Unguistic: WSF .36 



Control: C8F .09 .08 .09 12 



Phonological Awareness: 
Counting tests 

Linguistic: ASC ^ .06 55 31 

ASPF .47 .25 58 00 

Control: AAC .27 .07 '5 13 

AAPF .22 .07 .16 .04 



Phonological Awareness: 

Writing & Drawing 

Unguistic: ISC .71 .49 41 -5 

Control: DAM .27 .42 .'23 .46 



Naming Speed — — 

Linguistic: LNT -.33 ..10 33 

Control: DFTT NA .06 na ,05 



Sound Percepf'-n 

l-i"fli'i'-»c: pm .02 .04 11 97 

CO"' ' psN -.11 .03 z 



•02 .52 .23 



CBS .26 .10 ."Is 



Reading ability 


.56 


.56 


.51 


.51 


N 


31 


3, 


39 


39 


Significance levels 

p<.05 

p<.01 


.31 
.42 


.31 
.42 


.27 
.37 


.27 
.37 



iwi^ ^hUE ^5 suggest that this test becomes predictive when it is given in first 

correlations are consistent with the findings of Brady^^iiQR^' ^ii^ Z 
significant differences hetwt^n «^!rL i " ^- 11983). who reported 
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TABLE 3. Correlations between the Test Battery and Reading Ability: Kindergarten 
Administration. 



Reading Ability in: 




Fail Tasting 


Spring Testing 


Kdgn 


1st 


2nd 


kHnn 

r\uyn 


lei 


On/4 

£na 


Phonological Awaranass: 












Counting tasts 














Linguistic: ASC 


.33 




«u / 


.Ol 


.55 


oo 
.28 


ASPF 


.33 


47 


23 




CO 




Control: AAC 


.14 




• O 1 




OO 
.2o 


.15 


AAPF 


.11 


.32 


.35 


.08 


.16 


.09 


Phonological Awaranass: 












Writing & Drawing 














Unijistic: SC 


.54 


71 

.*' 1 


AA 




.41 


.31 


Control: 0AM 


.26 


07 


.1 / 


•21 


oo 
.23 


.29 


Naming Spaad 














Unguistic: LNT 


-.21 


*.09 




-.25 


-.25 


-.33 




-.22 


•.41 


-.Oo 


-.1 * 


-.47 


-.48 


Control: DFTT 


MA 


NA 


NA 


NA 


NA 


NA 


Sound Parcaption 














Linguistic: PWN 


.10 


.02 


.13 




1 1 

. 1 1 


.16 1 


Control: PSN 


-.04 


-.11 


!22 


.27 


.04 


.23 


Working Mamory 














Unguistic: WSF 


.24 


.36 


.06 


.37 


.52 


.26 


WSS 


.09 


.16 


.18 


.37 


.54 


.33 


Control: C8F 


.03 


.09 


.20 


.08 


.09 


.16 


CBS 


.07 


.26 


.17 


.12 


.35 


.20 


WPPSI 














Vocabulary 


^7 


.44 


.52 


,34 


.33 


.35 


Block Dasign 


.43 


.51 


.40 


.19 


.39 


.34 


IQ 


.37 


.52 


.5/ 


.ci 


.32 


.30 


Aga 


.30 


.26 


.08 


.17 


.13 


.07 


Gandar 


-.14 


-.05 


-.15 


.03 


.12 


-.01 


Raading Ability 


NA 


.56 


;3o 


NA 


.51 


.36 


N 


51 


31 


19 


56 


39 


32 


Significanca laval 














p<.OS 


.23 


.31 


.40 


.23 


.27 


.31 


p<.05 


.32 


.42 


.54 


.32 


.45 


.42 
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Reading Ability in: 



Phonological Awareness: 
Counting tests 
Linguistic: ASC 

ASPF 
Control: AAC 
AAPF 



Fait Testing 
Kdgn ist 2nd 



Phonological Awareness: 
Writing & Drawing 
Linguistic: SC .49 
Control: 0AM .42 



.45 
.02 



.85 
.35 



Spring Testing 
Kdgn 1st 2nd 



.06 


.04 


.13 


.31 


.25 


.20 


.34 


.28 


.07 


.08 


.22 


.13 


.07 


.09 


.17 


.04 



.45 
.41 
.06 

.02 



.39 
.20 
.08 
.03 



.32 
.46 



.74 
.16 



.75 
.30 



Linguistic: LNT 
Control: DFTT 


-.10 
.10 
-.08 


-.38 
-.42 
-.14 


-.82 
.72 
-.27 


-.38 
•.Ob 
.05 


-.50 
-.10 
-.12 


-.67 
04 
.04 


Sound ParcAption 
Linguistic: PWN 
ContiDl: PSN 


.04 
.03 


.47 
-.01 


.47 

-.:<3 


.27 
.04 


.36 
-.23 


.21 
-.34 


Worldng M«nory 
Linguistic: WSF 
WSS 

Control: C8F 
CSS 


.02 
.09 
.08 
.10 


.03 
.12 
.06 
.21 


.07 
.04 
.06 
.17 


.23 
.30 
.12 
.18 


.40 
.45 
.16 
.38 


.25 
.23 
.05 
.20 


Rsading Ability 


JSC 


NA 


.52 


51 


NA 


.83 


N 


31 


31 


18 


39 


39 


32 


Significancs |«v«l 

p<.05 

p<.01 


.31 
.42 


.31 
.42 


.40 
.54 


.27 
.37 


.27 
.37 


.31 
.42 



Mtiltlple Regression 

is .76. loac testea in tfte Spring the mulUple cor.-elaUon coeflFlclent 

m«no^ for an addlt2r?%.Ve^ t^t^'tr^'l^o^^S^Z pe^o^'a^^eVn'Sf 
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WPPSI vocabulary contributes less than 1% and kindergarten reading ability 
contributes an additional 15%. In the Soring groi'p. performance on the angle counting 
test (pass fall score) account for v^5% of the var iance and performance on the invented 
spelling test accounts for an additional 4%. Memory for the word strings accounts for 
an addiUonal 13%. erro 3 in letter naming for an addiUonal 4% and speed of letter 
naming for an additional 2%. When the contribution of the phonological tests is 
accounted for, performance c- the Corsl block test contributes an additional 1 1%. 
WPPSI vocabulary contributes 2%. and kindergarten reading abUity contributes 2%. 

Facior Analyses 

Factor analysis can offer yet another way of examining the relation between 
performance on the experimental battery and reading ability. For each time of testing, 
we have computed a varimax rotated factor analysis that includes kindergarten 
performance on the experimental battery. WPPSI performance, age. gender and botli 
kindergarten and first grade reading ability. In the fall sample, the analysis converged 
on 9 factors after 13 iterations, in the spring, on 9 after 21. Table 5 lists the factors 
which were relevant to reading scores at a level of > .20. and also gives the other tests 
which k>aded on each factor (at a level > .20). 



TAB',^ S. Factor Analysis: KIndargartan Parformanca a..w Raading Ability. 





1 


F.ALL 

II 




Word 10 


.4873 


Word 10 


.2232 


WordAttk 


.4971 


WordAttk 


.1490 


Kdgn 


.2337 


Kdgn 


.2698 


Word 10 




Word 10 




LNT 


-.8203 


MWF 


.8983 


LNE 


-.8140 


MWS 


.8368 


ISC 


.6953 


gander 


-.6907 


IQ 


.6891 






WPPSIV 


.6878 






WPPSIP 


.6205 






Aga 


.2350 






0AM 


.3429 






MNOS 


-.2029 







SPRING 

i! , !! IV 



Word 10 
WordAttk 
Kdgn 
Word ID 


.5250 
.5536 
.3730 


Word ID 
WordAttk 
Kdgn 
Word ID 


.4782 
.2473 
.1391 


Word 10 
WordAttk 
Kdgn 
Word 10 


.3482 
.1381 
.3303 


Word ID 
WordAttk 
Kdgn 
Word ID 


.3001 
.2432 
.2012 


as;, 

ASPF 
ISC 
LNE 
PSN 


.8521 
.8288 
.7105 
-.3907 
-.3810 


MWOS 
LNT 
MVyF 
AAPF 


.7204 
-.7128 
.6274 
.3303 


MBF 
MBS 
ASC 


.3459 
.7451 
-.4312 


Age 

ASPF 


.6263 
-.4350 
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f^^LS^ ' ^^'^^'^ '"^^''^ elated reading abiUty also related 

to pcrfcnnance on the phonological testa, and tl.is relationship was more systematic 
Oian re^tionshlps involving performance on the non-lingulsUc contrrte^trPoT the 
LaiiS^St^?^ two factors are related to reading ^Ulty: Th. prSi£^ factor for 
reading ability Is also the primaiy factor for the tests of phonological awareness and 
^Z^S^JTI'^ i^lt' v«:a0ulaiy t«t. the Scond f2to7«lSJs 

^rS^ memory. For the spring testing, four factors are related to reading 

SnnTln^' ^ ^^'-t^' Performance on the tests of 

phonological awareness a second factor relates to letter naming ability and word 
string memoiy. a third relates to Coi.M block performance and a fourth is related lo^e 

Comparisons of Good and Poor Readers 

«h'ii*'*,*i'"T,!!f^"^**"^ posslbUlty that reading disabilities are caused by 
phonolo^al deficiencies, our analysis was designed to consider the pocslbUlty that 
poor readera are "delayed" in the acouislUon of phonological skilL To^^ end we 
SiS"^*'^ readersiho werTrea^^ moS tii^ 

S^S f?**^* "I^^ *ho were readm|more tiZ 

one grade belmr expectation, niis yielded 7 poor readera and 9 good readera to toefS 
samp e. and 6 poor readers and 6 good readers in the spring*sam^le.^?uS^^ 
sani|^es are smaU in ^ we may still pose certain questio^out the perforSZce of 
S?ihZ ^ *° °^ ^ Elation to saghtly youSer 

^ tSS^f^* poor readers resemble slightly younger children in thelr>rfonnSce 
Z^I^^V'^J^'^' ^ consistent with a "maturational dela/^accSS^of 

dS^ihilSSTT* ^ S!^' "^^t «°od readers resembfe 

rhfwiSL >^ " support a -maturauonal acceleration" account of 

chUdren aho are "gffted" readers. If. however, the behavior -rf poor readers fs 

S^lVt:;^^?' '^^"d"" and follows a dSre^ent course if 

development, we may consider the possibUity of deviant d-Arelopment 

FaJ^d'S^Jl^^on^^flJ-S^"!^.^^ Verfonnance of the good and poor readers in the 
r au and spring of first grade against a reference curve which is the mean i -rfonnanee 

?L?U?f"/i °f Kindergarten. SprSi^ofmS^ 

w^rrSL^,'^!^ ^P"^ °^r^ *a presented prSSTa 

J^^^a Y °^ "^ad*" performancf; (and a ^umiona! 

n2?o™i^^*'*??''L°^«~*S S"P«rf°rtty). That figure also plots Se cmSs 

^1.^ and It will be noted Oiat the readli« ablUty ctf^e 

SSJ^th?Si!^°JS'1*?'H''*** " maturauonal delay account ThI Jtots fo? Se 
tests Within the experimental battery appear in Figures 2 and 3 where FHhin. 2 i«.c*«f 
tiie results obtained wUh the UngtUstE tests and F^ureTth^ rS,n^^ 
general, the results obtained with the linguistic testsLe in keeplS^^to to?^ j^Uo^S 
of the maturational account: The good readera tend to perform atThicherW^th^S 
averse whereas the poorer reader! tend to perform at a lo^eM^el^^^^ 

an^JTlS; wi*^^.each reading gS,up. there tiXtoTe ta^^Ji^tS 

Sn.rrc=.r:^^^ 

mixed results as to whether the delay is speclllc to lanfluace d^- -ir^m^?* 

research is needed to address this potot. «nguage dev ^lopment. and more 
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normal children. A) PredlcHons of a ''maturat ona dc a/' account of readins diwhiii*v m rhsM.-.«'. 
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Word 
Perception 
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f«^i:^"'*^? the language skills of good and ooor readers at two tin.es or" testing in relation 
I^tf^^.P^'^T"" ^> 'Th* »r>elling test of phonologic^ aS«s B) iSe 

S pi^*^ ^iliS" Phonoligi^ awa»neM. Q Use of phoSetic repLntaHo^nt v^Z^memS' 
D) Perceprion of words in noise. E) Speed of lexical retrieval. F) Enors in lexical retrieval ^" 
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Hgurt 3. Comparisons of the non-linguisHc skills of good and poor readers at two times of testinit. in 
"JSf i*** perfbrmanc* of normal children. A) Environmental Sound Perception. B) Draw-A-Man 
Ability. O Speed of Repetitive Finger Tapping. D) Non-linguistic short-term memoVy. 
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Summary and Concluding Remarks 

The findings of this study can be sumrnartzed in terms of three major points The 
first and most important of these Is that future reading problems can be predlcter' by 
deficiencies in each of the three areas of 1) awareness of phonological structure 2) 
retrieval and percepUon of phonological structure and 3) use of phonetic representaUon 
in working memory. The cross-lag correlations between reading abUlty and 
performance on the experimental battery reveal that such phonological deficiencies 
predict future reading problems more successfuUy than deficient reading abUlty 
predicts future phonological problems. Even in the case of letter naming, a sklU where 
one miglit expect reading experience to have a strong effect, the ability to name letters 
rapidly is a better predictor of reading abUlty than vice versa. Likewise, the partial 
correlations Indicate that, even when kindergarten reading ability is taken into 
account, phonological skills remam effecUve predictors of first-grade reading ability 
Skills Involved with memory, retrieval and awareness of phonological structure are 
more than concomitants of reading ablUty: they actually pn-sage it. Indeed, the results 
of the multiple correlatton analysis reveal that these skills may account for up to 60% 
of the variance In children's future reading ability. 

To some extent, the three areas of memory, retrieval and awareness appear inter- 
related, yet there are some indications that they involve separable factors. Those 
indlcaUons follow from a consideration of the factor analysis, which revealed that 
phonological skills tended to load onto two different factors, each of which also loads 
onto reading abUi^. One factor includes sklUs concerned with the awareness and 
retrieval of phonological structure which appear to be related; ihe other concerns 
tOTporary memory processes. Retrieval processes load on factors associated with 
either awareness or memory, depending on whether ti.e fall or spring group is at issue 
Thv3 it would seem that phoneme awarfticss skills and verbal short-term memory 
Skills make a somewhat Independent contribution to reading abUity and this is 
consistent with some previous indications (Mann & Liberman. 1984) about the relaUon 
betweeii these skills r .id reading ability. These IndlcaUons. together with the results of 
th« multiple correlaUon. suggest that an effective predlcUve battery should include 
muluple measures of phonological skill. 

«»,\*f^w."^, ^1°^ concerns the fact that ooor perf-onnance on tests of 

phonological skills te e considerably mo^e consistent and effective predictor of futuxe 
reading problems than is performance on non-llnguisUc tests which make the same 
r^JS!?'*; " f Perfoimance on phonological tests which is systemaUcaUy 

InoiS.*° "J^^S^ ^^'^^ ^ P*"^^ correlations analysis and ttTe cross^ag 
analj^ls. and peribnnance on these tests tends to load upon the same factors as a- 
assoctoted with reading ability In the factor analysis. As for the possibUity that IQ is 
"^^^"^ detennlnes reading ability. Stanovlch. Cunningham. Ind 
^^i^il? * presented data which argue that phonological awareness is a 

SSISS^SS /i?f / ? ""^^^"^ ^''"'^ fi"**""*' IQ- results are 

conalstent with this fact and we note that the only component of the IQ test which 

^"'"^ * vocabulary test which surely inv^J^ed 
percepUon and retrieval of phonological structures. 

^ * obtained with the non-llnguistlc controls indicate that the test 

SSnnS^ T ?t.f^ '"^^ "^^^ *° places special d«n^5s on 

^S^t^^J^u^ poor readers in the spring sample did eScounterSul^ 
ohtP^S?^^*'' • * ^ ^ *PP^»* ^ the fau sample, nor has « 
been obteined ir at least ^ .e other study (Mann & Uberman. 1984). Also. Corsi-bl«:k 

grades (Mann et al.. in press). Perhaps a more interesting result concerns the test of 
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envlronmenttl soiuid perception: On that test, some poor readers actualljr surpassed 
good readers. This result together with the general pattern of our data, is consistent 
with the blologtcal model of devebpmental d^exla that was proposed by Geschwlnd 
and Galaburda (1965). Aocordlng to their model dyslexia arises out of an imbalance of 
hemlq>herlc development which favors the right hemisphere to the detriment of the 
left hemlq>here. an Imb a l a nc e that gives rise to low scores on tests of left-hemisphere 
processing and superior scores on tests of right-hemisphere processing. Poor readers 
would be expected to eacd on tests of right-hemisphere processing, and the perception of 
environmental sounds Is well-known to recruit the right hemisphere (for references, 
see BaOy et aL. 1083), whereas ih^ should £b11 behind good readers on larguage tests, 
as these recruit the left hemisphere. 

The third and final point concerns the observation that the phonological slills of 
poor readers tend to resemble those of slightly younger children. This pattern of results 
supports a picture of "phonological delay" that is consonant with other suggestions in 
the literature on reading dIsaMllty (for reviews, see Mann. 1986a: Mann & Uberaian. 
1984. Mann et al.. in press). Rather than being deviant In their acqulsiUon of 
phonological aldlls. poor readers m the early elementary grades may merety be 
maturing more slowly than other children of the same age. Our use of the word 'delsyed' 
is not meant to tcastfy that language skills of poor readers ultimately 'catch up' with 
those of their better reading peers. Indeed, cunrent research is showing us that mai^ of 
the special charaeteilstk^ of disabled readers at this age appear to hoU in adolescence 
(McKeever & van Deventer, 1975) and beyond (Jackson & McClelland. 1979: Read & 
Ruyter. 196S: Ruaadl. 1982: Scaxfoorough. 1984). 

We therefore use the word 'delayed' to describe the salient characteristics of poor 
readers Jn the eai^ elementary grades, and remain open to the possibility that a dela^r 
in taxfy development can associate with inferior language skills at maturity, or even 
cause them. 

For the beginning 'i«ader, language skills seem to be the most consistent area of delay, 
as non-llngulstic abUltlea are considerably more variable and delays are less 
consistent This possibility wammts careful consideration and further research, given 
the popular use of grade retention as a form of remediation. If confirmed, the notion of 
a language-sped&c delay Implies that at least some poor readers could be capable of 
normal progress In math and geography as long as they are not hlidered by their 
Uderiar reading skills. It also suggests that remediaUon in specific areas ox school 
wmic win be more effective than rq)eatir)g or delaying an entire grade. 

In summary, this atudy of American children has illustrated that phonological 
deficiencies can be harbingers of reading fiailure. »ji the future it will be important to 
ask whether the relation between phonological skills and future reading ability 
generalises to beglrmlng readers In other countries which employ alphabetic 
orthographies. We wfll also enhance and extend this line of research by considering the 
determinants of reading ability in those countries where ^llabaries and logographles 
are employed. Having begun to isolate the deficiencies which give rise to reading 
problems, we should contemplate the use of this valuable information, for it is not 
enough to determine which children are at "risk" for reading failure, we shouM also 
learn how to remediate their problems most effectively, 'n-alnlng procedures that can 
improve phoookjgteal awareness have been of interest in recent research and the 
results are quite promiaing (see Bradley and Bryant. 1985. for example). The time is ripe 
for considering whether training methods can improve working memory and lexical 
access as weD. 
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Consideration of the Principles of 
the International Phonetic 
Alphabet* 



Arthur S. Abramson^ 



As part of the preparation for the meeting on the revision of the International 

5.?^ ' ^ * sunnnaiy of ny correspondence 

a nuniber of members of the Association on the principles on which the alphabet 
should be based. To this -snd. I have sought the views of the 34 respondents who gave 
llrst or second rank to this topic on the pre-rsgistratlon fonn for the 1989 conference. 

Unfortunately, bjr the time I was able to send out my letter with a few suggestive 
questions and the relevant passage firom Udefoged and Roach (1986: 25-26). Mily 13 
sdiotars were able to send me their thoughts the deadline or very shortly there^er. 
Thqr are: Bfichad Ashby. John Baldwin. J. C. Catford. Erik H. Erametsa, EU Flacher- 
Jergenscn. Caroline G. Henton. AntU Ilvonen. Klaus Kohler. Peter Udefoged. Aaher 
Laufw. Andrft Martinet. Richard C. L. Matthews, and Francis Nolan. A f«w of them 
offered paietxatlng remarks on the topic as a whole: others commented briefly on most 
or an of the principles, and some chose one or two principles for discussion. 

THE HISTORIC PRINCIPLES 

For the convenience of the reader, the principles are reprinted here; 

1. There should be a sepsrate letter for each distinctive sound: that is. for each sound 

lililJ*!?** °^ ^ language-can change the 

meanlngof a word. ^ -o 

2. JJen any sound is foi'nd in several languages, the same sign should be used in all. 
This applies also to vdy similar shades of sound. 

^' ""^ possible of the ordlnaiy letters of the 

Roman alphabet, as few new letters as possible being used. 

4. In assigning values to the Roman letters. International usage should decide. 

212?' ^«"5».»*»ould be suggestive of the sounds they represent y their 
resemblance to the old ones. 

ft Diacritics should be avoided, being tiying for the eyes and troublesome to read. 
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SUMMAR ' OF THOUGHTS 

Perhaps the six principles s^ ^^uld be kept In print for their historical interest. A good 
way to do It might be to pnumUgate new principles, while present the old ones In a 
short statement of the history of the Association. In this connection, it should be borne 
in mind that an ear^y goal was the fostering of good writing systems for the languages of 
the world. This may no longer be an ,lnq>ortant aim of the IPA. 

Since Principle 1 implies the concept of the phoneme, we could consider expanding 
and clarifying it to make room for various theoretical approaches to the choice of 
phonologlcaQy relevant units. At the same time, perhaps it is not our business to go out 
of our way to accommodate various approaches to phonological theory or to take a 
particular stance: we are cox&cemed, rather, with ways of representing graphically the 
human capacity for the productton and perception of speech. In any event, to the extent 
that we are concerned with phonemic distinctiveness, do we want to obscure a basic 
related ness such as nasality or vowel length— between groups of phonemes by refusing 
to form symbols by combining a dlacrlUc with several letters (The latter point 
impinges upon Pttoctplt 6.) In addition, we surety need a large enough amy of symbols 
to handle all the phonetic categories permitted by human physlolpglcal and 
paychoacouatlc constraints, even if th^ have not an been found as yet in languages. 

Prmdple 2 Is going to have to be clarified. There is a sense In which the reader can 
accept it without <tuibbllng. If certain sounds have the same structural status In a 
number of languages but differ qualitatively In a rather limited way, we may be content 
to assign the same symbols to them for ttxts in each of the lariguages: however, for 
comparative analysis and for language teaching, it may be useful to write them 
differently. 

Prlncipk 3 does not seem troublesome, although in practice some Greek letters, as 
well as a few others, are useful 

Opinions rai^e widety on Principle 4, from rejection through skepticism to 
acceptance. We might ask whether there Is really a reliable canon of international 
usage for Roman letters beyond correlation with rather gross phonetic categories. One 
interpretation offered la the notion that from nation to naUon local orthographic 
biases might prevalL Another is that the phonological concept of markedness, together 
with unfverMl occurrence. nUght guide us. 

Principle 5 seems reasonable. 

Principle 6, vAildi seems to be In conflict with Principle 3. bothexa many of us. While 
avoiding excoasive dlacrltk», which are hard to print and read, we certainly want to 
have a number of them available. They can be veiy uselul for symbolizing systemic 
relations and for the noUUon of fine detail in field work. Indeed, Principle 5 can 
sometimes best be carried out with the help of diacritics. 

CONCLUSION 

Given the important advances in our field since the days of the founders Ok the 
Association, the principles of the IPA need to be revised somewhat as part of our 
undertakmg to improve the alphabet itself. The collecUon of responses underlying the 
present summaiy win. I think, furnish an exceUent starting point for a fruitful 
dls a issfcm and good outcome in KleL 
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Language Specificity in Lexical 
Organization: E\ddence from Deaf 
Signers' Lexical Organization of 
ASL and English* 



Vicki L. Hanson^ and Laurie B. Feldman 



A sign dedshn task, in whkh deaf signers made m decision about the number of 
hands required to form a particular sign (^American Sign Language (ASL), 
revealed signifiemt ftcmtation by repetition among signs that share a base 
morpheme. A lexical decision task on English words revealed faciliiation by 
repetition among words that share a base morpheme in English and ASL, but not 
among those tiiai share a base morpheme only in ASL This outcome occurred for 
both deaf and hearing subjects. Results are interpreted as evidence that the 
morphologfcd principles of lexical organization observed in ASL do not extend to 
the organization of English for skilled deaf readers. 
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aeperbnentalfy demonstrated to persist only at short intenrals between prime and 
taiiget. specifically, lags of 1 or 2 ttems (Dannenbrlng & Brland. 1982; Henderson. 
Wallls. & Knight 1984: Ratdlff. Hockley. & McKoon. 1985). In contrast, the studies 
reporting effects of morphological priming have found these effects to be more long 
lasting, tn fact, these effects iiave been obtained at lags as long as 48 items (Fowler et aL . 
1985). 

Ihe finding that facilitation Is produced under conditions of morphological priming 
has been Interpreted as evidence that morphologically related words are stored close 
together In ttte Internal lexicon. The particular form of this oiganizatlon has been 
debated: It has variously been characterized as a base entry with associated tags for 
related words (MurreU & Morton. 1974: Stanners et ai., 1979: Taft & For&ter. 1975). as 
fully ibnned words that are liiJied to relatives {Lukatela. GUgoryevb!. Kostlti. & Turvey. 
1980) or as some combinAtkm of the two (Fowler et al.. 1985). Despite discussion about 
how best to represent this lejdcal knowledge, the general claim that facilitation in the 
repetition priming task reflects a morphological principle of oiganlzatlon within the 
lexkxm Is wtde^ accepted. 

In the present abiOy, we examine lexical organization by deaf bllliiguate of American 
Sign Language (ASL) and English. We are Interested in whether the lexical 
organizations of the two languages are the same, or whether there Is language 
specificity, such that signs of ASL are organized In accord with relationships Inherent 
In ASL mnpholQgy. wbilt words of English art organized in accord with relationships 
Inherent in BngUsn morphology. 

ASL Is the common fi)rm of corrmiunicatlon used by members of deaf communities 
across the ITnited States and parts of Canada. Deaf children may acquire ASL as a first 
language either through contact with the deaf community or from deaf parents. It is a 
prlmaiy visual-gestural qrstem. autonomous fixim other languages. It is not based on. 
nor derived firom, aiqr form of English. Contrast, for example. lexl<*al structuring for 
STT in English and ASL. hi English, base lexical items are composed of sequentially 
structured phonemic se0nents'(e.g.. /s/ /I/ /t/). In ASL. however, base lexical items are 
composed of the eo-occwrtng fonnational parameters of handshape, movement, and 
place cf articulation (Stokoe. Casterllne. & Croneberg. 1965). For example. In ASL the 
sign for Srr is produced, as shown In Figure 1. with H-handshaj>es. the place of 
articulation In neutral space In boat of the signer, and the movement of the dominant 
hand being a single sweeping motion contacting the non-dominant hand. 

One of the Intngumg aspects of ASL structuring is that, in contrast to English in 
which morphological processes generally operate by the affiidng of a sequence of 
morphemes (composed of phonemic segments), for example, -tag. -ed. -er. to base 
morphemes, morphological processes in ASL may tavolve embedding the base 
morpheme within a spedflc pattern of movement, such that the base morpheme of the 
8l0a and the Inflectional or derivational morphemes of the sign co -occur. As an 
ocample. one of the many morphological relationships marked ta ASL is a Noun-Verb 
distinction. According to the linguistic analysis of derlvationally related Noun-Verb 
palTi auch as CHAIR-SfT (Supalla & Newport. 1978). the sign for CHAIR and the sign for 
share an underlying representation (base morpheme) ta which Information is 
stored^out such features as handshape. place of articulation, movement and direction 
of movement. The suilkce forms of these signs are presumed to be derived by 
modulations applied to this common base. As shown ta Figure l. the verb SIT has a 
aintfe. relatlv«^ free movement, while the noun CHAIR has the same movement ta a 
duplicated and restrained (or amaner) form. ^uuiau. 

Whfle morphofoglcal proceaaes of ASL have been linguistically described, it is 
unclear under what conditions, if any. these reUtlonships influence signers' lexical 
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oiganlzatlon. Eariler work hat shown that deaf signers decompose morphologically 
complex signs Into their base and morphological marker whjn remembering single 
signs and signed sentences (Hanson & BeUugi, 1982: Polzner, Newkirk. BeUugi, & 
Kllma. 1981). For exanqile. in a shoit-teim memory task. Polzner et al. (1981) presented 
short lists of inflected signs to Jeaf sulyects. In recalling these lists of signs, to^ 
would sometimes recsll a base sign with an inflection ftcm a different item in the test. 
For example, when presented with lists of signs containing the morphologically 
complejc signs corremmndlng to the English phrases TAKE-ADVANTAGE-OF-THEM 
aiul PAY-MB, a typk»l error was recalling the signs TAKE-ADVANTAGE-OF-ME and 
PASf-TOEM. This outcome was taken as evidence that the signers wer« remembering the 
base entry and the inflectional taijj separately. This result, however, does not address 
the issue of how these base signs (or composites of signs) are organized In the signer's 
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«*mplt of a derivationally reUted Noun-Verb pair in ASL: the signs SIT and CHAIR. 

SS^'^L^'J^I'P-.^*'*'^- ^'«" iMguai^x A teaeher'i resource ttxt on grammar and 

euHuM. SOW Spring MD: T. J. Publidwn, p. 105.) »"imm«r «» 

If, u ocsurs in eqperlmental tasks conducted with English materials, the underlylnfl 
morphologscal structure Is abstracted from signs, then we would expect the lodcid 
Mgmlwtton of ASL to reflect morphological relationships. Experiment 1 examines 
tws question. As the test ease, we have chosen to examine the case of morpholoflicalhr 
^^^J^^^Sil^^^ this morphotoglcal relationship has been weU Sudled 
^tqpuM * Newport, 1978). Because the morphological structuring in ASL, as in the case 
m«^hS!S!f?,'!!S ^ Expolrnents 1 and 2, represents a departure from how 
moiphdo^nl rdatlonahlpa are marked in English, we ar« interested here in whether 

L^^?S2£Sf?!?*^ ? ^ » ^ On this case, moSS 

w^bertwjtoacted^^ equivalent to the wity a user of English 

hS2!Jl^ J*5f?^Sl^^^ *^ Isnguage. Ghren that ASLhas 

been shown in the Ungulstk: (see Padden. 1987. for a discussion) and p^ollngulstlc 
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(•ee. for ocample. PoJawr. Bdhigl. & Kllma. 1987) reaearch to date to operate according 
to the aame prmciplea aa other natural languagea. we expect that evidence of lexical 
organization baaed on ASL marphdogy will be obtained. Ifao. then we can proceed to 
the preaent queation of primary iatereat. which is whether deaf readers' lexical 
otganizatkm of English reflects relationships inherent ta ASL. 

In order to examine how morphological relatives are stm-ed In the ASL lexicon of deaf 
signera, a tadc requiring suttjecta to respond In a "sign mode" was necessaiy. For this 
purpose we developed a sign decision task. In this task, as in most repetition priming 
studies, sul^ects were presented with printed target and prime items. Rather than 
deciding if these items were words in Ei^llsh. however, in the sign decision task they 
were required to tndleate the number of hands that th^ use to produce the sign for each 
word. Iherefore. as each Engliah word was presented, th^ had to think of the sign for 
the word, and then make a dedaion tNued on the physiced/orm <^that sign. Note that it 
would not have been possible to perform this task based simply on the English forms of 
the words. Ihus. the sign decision task is not an Engjiah reading taak; it is a taak that 
uses the sutilects' knowledge of ASL. Nevertheless, as In a lexical decision task. Items 
wei« presented individually and the subjects were aaked to respond as quickly and as 
accurate^ as possible and reaetton time was meajured. 

The anaJyals of subfects' accuracy in the algn decision task is not as straightforward 
as the ana^faia of a lexical decision task. There are. for eiaunple. dialectal differences 
that cauae signers from diflferent parts of the nountiy to produce different signs for a 
given Bngliah word. For this reason, following the sign decision task subjects were 
given an unapeeded paper and pencil version of the taak m which th^ were again asked 
to mdlcate. thia time in writing, the number of hands that th^ used to produce the sign 
for each word llated. The correctness of each subject's answers in tlie timed sign 
decision taak waa then determmed relative to each subject's own stated sign 
productions. 

Assuming that aign priming can be demonstrated for deaf subjects, we can then ask 
whether deaf bilinguals alao organize their English lexicon according to morphological 
relatedness among aigna. In Experiment 2, we investigate lexical organization cf 
Engliah by deaf bilinguals. Experiments 1 and 2 each used a set of words that a^-e 
morphologically related on^y in ASL and a set that are morphological^ related in both 

ASL and Bngliah. The same set of ASL Only words were used In the two e]q)ertanents. The 
words in the ASL and English sets in the two experiments were not Identical. althoufiOi 
there was substantial overlap in the two sets. 

The ASL Otify stimuli were derlvattonally related Noun-Verb pairs that shared a bane 
moiphone and were morphologically distinguished by a change in movemr .t 
superlmpoaed throughout the production of the sign. Examples are EAl/FOOD. 
SAIL/BOAT. DRIVE/CAR. LOCK/KEY. and SHOOT/GUN. Note that these ttems are also 
aaaociattvely related. 

The Bngliih ASL set of stimuU were words that are morphologically related in both 
English and ASL. Examples of pairs from this condition are JUMP/JUMPING, 
TEACHBR/TEACH. and CREATWO/ CREATE. For theae pairs, the morphological 
relatiODShip in ASL waa aomrtimes atructMrally dliferent than that of the ASL Only set. 
For example, in pairs such as TEACHER/TEACH, the morphological marker used 
sequential rather than simultaneous stnicturtng. Note that although these pairs are 
a em a ntica n y related, they are not aaaodatlvely related in that when given the word 
teacher tul^ects are much more likely to free associate student than they are to free 
associate ttach. 

To tuard against influences of associative and semantic priming, the present study 
used an average lag of 10 itema. a lag that is too great to produce such priming 
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(Dannenbrlng & Brland. 1982: Henderson et al.. 1984; Ratcllff et al.. 1985). 
Consequently, any faclUUUon obtained in the present priming study can be 
conviudngty attributed to moiphologlcal. not associative or semantic, priming. 

To summarize. In Eaqieriment 1 we examined whether signers' lexical oiganlzatlon of 
ASL is based on relationships inherent to ASL motphologjr. For this purpose, the sign 
decision task was developed. The experimental materials consisted of target words and 
their m orphologlcaUy related primes. The analyses focused on decision latencies and 
fecllltated by the prior presentation of a related prime. The purpose 
was to Investigate morphological priming under condlUons In which subjects are 
respondlngbasedonthelrknowledgeof ASL. In Experiment 2. the same materials were 
presented to deaf and hearing sub)ects in a lexical decision task of English. Analogous 
to Qcperiment 1, the analyses focused on decision latencies and errors to targets 
preceded by morphotoglcalfy related primes. In Experiment 2. subjects responded based 
on their koowledge of English. The purpose of Experiment 2 was. therefore, to examine 
whether deaf slgoers* oisuilsatlon of EntfUah words is based on relationships lnhei«it 
to English or to ASL morphdogy. Stated differently, in Experiment 2 the role of the 
morphological structure of ASL in the lexical organization of English was investigated 



EXPERIMENT 1 



Method 

Subjecti 



AU were prelmgually and profoundly deaf, with hearing losses of 85 dB or greater in 
tte better Twelve of these subjects were native slgnen of ASL and another two came 
fixjm deaf families (Le.. older deaf siblings and deaf grandparents). The remaining 
subjects had acquired ASL before they entered school and reported ASL to be their 
preferred means of communication with deaf and hearing friends. All were paid 
wluntecrsfor this 15 min experiment. As measured by comprehension subtest of the 
^JSS,^ Reactov 7V»ts (1978. Level F. Fonn 2). thdr median reaS Sade 
level of EngUsh was 7.4 (N16. Rsnge 12.9 to 3.3). 



Stimuli 



«J!!!S.«^2S2!l!^?^*2f consisted of 28 pain composed of target word and a 
moiphdoglcalty related prime. Two sets of materials, distinguished by the language in 
S^irt ScSSmSS*^ «^t«l. ^-e" created: ASL Only, and En^sh + ASL. 

tothe ASL Only set. ^ paired items were derivatlonaDy related noun-veib palre. For 
S^'^^lSS' ^^'^ derivaUonally related pr^ word 

Si^Hi;.^:*^?^ eariter and shown in Figure 1. CHAIR andSlT share ™S 
handshape ud place of artkmlatlon. but differ in their movement. SFT has the slndle 
motkm ofa vert), white CHAIR has the more constnUned doubte mov^m rfj SoSi 
mSSj'^^Sl!^!?*!^ ^ ^ of Noun-Vert) pain in Supalla and Newport 
«SI2L2Sli^5E!2S?* J«P««nt« an the words that fit within the foUowlng 
^ertti^ CQostialnttt 1) the Uems in the noun-verb palia correspond to dlSSS 
SSS Z2l!?l!!: pairs such as SKI/SKI). 2) there was Sn unamblgu^s 

ciOARErns/SMOKE in which SMOKE could be correctly translated as the verb or for 
this study. lncon*ctly tnmslated as the noun), and 3) each ItSi^oes ^Sfre^uSe 
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multiple Bngllah words to translate the ASL sign (thus excluding pairs such as 
BABV/ROCK-BABY-IN-ARMS). > 

In the English ♦ ASL set, base words served as targets, while words Inflectlonally and 
dertvatJonally related to these base words served as primes. The pairs were subject to 
the following constiaints: In both target and prime, the stem undergoes l) no change in 
spelling, and 2) no change in pronunciation in English. For example, in this set the 
target word "wish" was paired with the morphologically related prime word "wishing." 
A complete list of the stimuli Is given in the Appeiidlx. 

Two test orders woe created. Each included equal numbers of primed and tmprimed 
trials for both ASL and English ♦ ASL Items. The lists were constructed so tlist targets 
preceded by morphological primes in one list were preceded by unrelated words in the 
second list and vice versa. Each sutflect saw only one test order, thus responding to each 
target oi^y ooee. in either a pnmr,d or an tmprimed context. 

Bach list consisted of one block of 118 trials, presented in a fixed order. Prime and 
target Items were separated by an average of 10 intervening items, flhe range was 8 to 
12). Filler Items were included to preserve appropriate lags. These filler items were 
words, chosen to matntain approximately equal numbers of one- and two-handed sign 
responses 

Rfoced ur e 

The start of each trial was signaled by a 250 ms fixation point M presented in the 
center of a CRT dlspta^. followed by « 250-ms blank Interval Ihe letter string was then 
presented tn the center of the CRT display. The stimulus remained In view either until 
the sub|ect preaaed a response key or until 5 s had elapsed. Feedback was given on each 
tnsL The feedback was the subfect's RT (in ms) for that trial. If the subject had failed to 
respond wtthln the 5 s time limit, the words TOO SLOW appeared as feedback. The 
feedback, displayed for 250 ms. was centered six hnes below the fixation point. 
FoUowlng the message, there was a one second interval before the start of the next tnal. 
Prior to testing with the exnertmental stimuli, subjects received one practice block of 15 
triala. 

The subjects were instructed that on each trial th^ would see a letter string and that 
their taak was to dedde. as qulckfy and as accuratdy as possible, whether they made 
the sign for that word with one or two hands. There were two response keys: one was 
labeled 'l* and the other was labeled "2'. They were Instructed to sit with their index 
flngcv resting one on each lay and to respond as quickly as possible. The subjects were 
also infonned about the nature of the feedback. The experimenter was a deaf native 
signer, a former Gallaudet student, vrho communicated with the subjects by signing. 

Following completloo of the sign decision task, subjects were given a paper on which 
49 words were typed firom the test order that they had been presented. TTiese 49 words 
consisted of the 28 target items (14 from each set), the 14 morphologically related 
primes that had occurred in the test order for that subject, and 7 of the 14 unrelated 
"prlmea" firom that ttst order. Bach word was typed, in uppercase letters, with a line 
preceding tt. The following instructions were typed at the top of the papen 

Bsiow ar« Mad the words you Just saw In the sign dsdslon task 
on the computer. DifTersnt people sometimes sign a few of these 
words in different ways. For each word, please Indicate If yqu 
sign the word wKh one hand or two hands. Fdr exarrvXe: 

2 BABY 
1EYE 
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Results 

Sulj ecf • own Judgments In the paper and pencil task were used to determine the 
connect answer fbr each Item in the sign decision task. Thus, the correct response In the 
Sign decision task was conditionalized on each subject's answtrs In the paper and 
pencil task. RTi were stsblUaed by ellmlnatlijg responses whosi RTs differed by more 
than two standard deviations frm s subject's mean. The resulting mean RTs and mean 
percentage enors sre shown in Tible 1. 



TABU 1: Th* mm RT (In mt) for th« dscf tubjMit in th« sign 
d«dtk)n Uak of Exp«rifflMit 1. Th« mean psieantag* 
•nora ara givM In perMithMM. 





English ♦ ASL 


ASL Only 


Unprimsd 


loss (13.5) 


1163(12.8) 


Priinsd 


1013 (1^8) 


1038 ( 9.0) 



An analyata of variance was performed on the latencies for the wlthln-aubject 
variables of prime condition (prhned vs. uzq)rlmed) aud language of morphological 
relation OSngUsh -i- ASLvs. ASLOnliy). The anal^ for RTs revealed a «<gnrf>n^nt main 
effect of prime condition. J^l.18) - 5.76. MSe « 31978.23. p < .03. On an Itema analiysis. 
with language of mor p hological relation bemg treated as s between-items factor, the 
main effect of pUme condition waa also significant. ^1.26) « 14.06, MSe > 10635.81. p < 
.ca. There was no effect of language of moiphdoglcal relf'ion, Jll.18) « 2.90. MSe « 
17349.42. p > . 10 jar subjects: F < 1 fbr ttems. The interaction of the two variables was 
not sig n i fi ca nt . A < 1 for both subjects and items. No s|gnKk»nt effects were revealed 
In the ecrar anal^yaea. an A < 1. 

Waaler a t-test -«tied that the 125 ms facUitatlon with the ASL Only set was 
" " P^™"^ ' ■ p < .05 fbr subjects: H13) m 3.02. p < .01 for items. This outcome is 
cntlcalfy important In the Interpretation of both this experiment and Experiment 2 
and will be treated in the Discussion of Experiment 2. 



Discussion 

In Experiment 1. significant faclliUtlon for morphologlcaUy related items was 
matenala of both the English ♦ ASL set and the ASL Only set. 
Interpretation of the f a ci li t a ti o n for Engllah + ASL is ambiguous as to whether lexical 
oii^ntetlflQ is based on relationships derived from English or fhxn ASL. However, the 
f!? ™ comparable f acilita tion was obtained for the ASL Only set Indlcatea that 
^ ^ principles of ASL. The obtained facilitation for the 

ASLOn^r stimuli cannot be explained as being due to associative prlmtog. as the lags 
^oduced m the present atudy were too ^t to permit such priming (RatcUff et al.. 

Of ASL tend to oqianlae their lexicons according to morphological relationships. 

It is worthy of note that the results were obtained ualpg prime-target pairs in which 
themor^Jokjglcal relatkmahlp waa Indlc ted by a process quite different from the 
morphotogicalproceiiaes that generality operate in English. In Experiment 1. the noun- 
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vertj dlttinc t loa of the pat« was indicated by a change in the movemuit throughout the 

AifaMf, the effect here could be visual, baaed on the visual slmllailty of prime and 
target signs for the pairs in the ASL Only set This argument is dUBcult to support, 
however. Ihls sigument fin- fscflltatlon based on the visual smillarlty of signs would be 
analogous to sn srgument based on the visual (orthographic) similarity of printed 
words or the phonetic simllartty of spoken words. Evidence from different paradigms 
(e.g., lexieal dedaion. reoognttkm) has established, however, that formal almllarlty. in 
the abaraiee of a shared bate mapheme. does not facilitate respoidlng for ai^ but the 
briefest mtenrala (Feldman & Moskovl)evie. 19J7: Hanson ft WUkenfeld. 1985: Klrsner. 
Dunn, ft Standen. 1987: MurreU ft Morton. 1974: Napps ft Fowler. 1987). As noted 
eariler. the llngiilsttr and psychological eviidence give no reason to suggest that ASL 
signs would be processed differently (e.g.. Padden. 1987: Polmer et al.. 1987). For 
example, m eai^ research on ASL there waa much discussion of the role that iconic 
aspects of signs would play in signers* processing of signs. This turned out not to be 
relevant Sl^aers. in shmt-teim memoiy situations, have been found to process signs as 
linguistic events, not as iconic "pictures" (Polzner. Bellugi, ft Tweney. 1981) or as 
unanal^yaed "wholes" (Hanson ft BeUugt 1982: Polzner et al.. 1981). There is UtUe 
reason, therefore, to expeei that it is th^ visual/motoric simHarlly between the signs for 
words in the ASL Onlty set that is respcmsible for i»t>duclng the respcnse facilitation 
observed In Bipertment l. 

Given that the ASL lexicon of signers suggests a principle of organization based on 
the morphology of ASL, how is their lexicon of English oiganized? In Experiment 2 we 
investi^te whether the English lexicon is influenced by the morphological 
relatlonahlps of ASL. 

From the bilingual literature, there Is reason to expect that ASL organization would 
not influence the oiganizatkm of a signer's English lexicon. For example, in studies 
thst have looked at V7hether a word In one language activates its translation in another 
language, influences of one language on the processing of the other have not been 
obtained, provided that the experiment has not been set up to encourage auch 
translation (Kinner, Brown, Abrol, Chadha. ft Sharma. 1980: Klrsner. Smith. 
Lockhsrt. King, ft Jsln, 1984: Scarborough. Gerard, ft Cortese, 1984: Watklns ft 
Peynlrdoghi. 1983: see also BeauvUlaln ft Grainger. 1987). Tht lexical decision task of 
Bqwrtment 2 is not one that requires translation from one language into another. That 
is, it does not test whether the printed words SIT and CHAIR are translated into their 
corresponding ASL signs. 

Another finding from the bilingual literature also would lead us to expect that >SL 
princ^des wouki not gukle the organization of *hc English lexicon for the subjects used 
in the present study. Resesrch with blllnguals has found evidence for translation into 
the first language only for readers who have poor mastery of the second language (Kroll 
ft Bommg. l«^. The deaf subtects of the present study have a falxly good mastery of 
their second language, Bi^gllah. As we win see. the deaf subjects in Experiment 2 were 
reading, on average, at the tenth grade level 

The present studiy differa from these previous bilingual studies, however, in terms of 
the radical^ different structuring of the two languages studied. Consider the difference 
between the case of a bilingual of two spoken languages and of the ASL/Bnglish 
billnguaL For b iHn giia ls of <r«»o spoken languages, the building bkxsks of the two 
languages win be slmliar. That la. the phonological and morphological segments in 
both languages sre articulated by features of the vocal tract This Is true whether the two 
languages ai« almllar, such ss English and Spanish, or reUtlvely different, such as 
English and Chinese. In contrast, the building blocks of ASL and English are quite 
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different Whereas In ASL the phonological^ and morphological elements are visible 
gestures articulated by the hands. fiu». and body of the signer, in English these element 
are audible gestures articulated by the vocal tract of the speaker. Moreover, not only do 
the building blocks differ for ASL and English, but in learning English, its building 
blocks are not readily accessible to the deaf Individual. If tests of the speaking and 
llpreading skills of deaf individuals are used as an indicator, it is apparent that the 
undetfylng phonemic representaUon of English words la not always well-mastered by 
deaf individuals (e^.. Smith. 1975). 

Accordingly, the differences in processing in sign and speech may be so great, that for 
the deaf individual who has ASL as a first language and has established mental 
processing based on sign language parameters, language operations wiU continue to be 
carried out In ASL mode— regardless of the language of input. This Is the primary 
language notion of Shand (Shand. 1982: Shand & Klima. 1981). TTils noUon would 
predkst that English words would be translated Into their corresponding ASL signs, 
regardless of task requirements. As a consequence, the lexical oi:ganization revealed in 
an BngUsh task would be expected to reflect ASL organizational principles. 

to summary, an argument can be made from the existing literature to support either 
the presence or the absence of an influence of ASL lexical organization when reading 
EngUah. In atpeflment 2. we sought to resoNe this issue. In this endeavor, we emptoyed 
a standard kxieal decision (word/nonword) task in order to ask whether deaf signers 
exploit morphological relaUonships among ASL words while reading EngUsh 
materiala. TVpo groups of subjects were tested. There was a group of deaf college students 
who reported ASL to be their first language. In addition, there was a control group of 
hearing college students. Based on the English repeUtion priming literature, we would 
expect hearing subfCL-ts to show facilitation to target words primed by morphological 
relatives in the English ♦ ASL set. since both inflecUonal and derivational 
relationships hsnre been shown to fkcilltate responding (Fowler et al.. 1985: Staimers et 
aL. 1979). Because only an English relaUonship can benefit the hearing suWects. 
morphotoglcal priming should be absent for items that were morphologically related 
only in ASL Cufc . the ASL Oafy set). Due to the rapid decay of associative priming, any 
associative relatedrsess between pairs In the ASL Only set would not faclUtate 
respouUng under the lag conditions of Experiment 2. Of particular interest Is whether 
Ow doif subjects wm show significant priming in both the ASL Only and the English + 
Aa, sets, or onftr in the latter set. Experiment 1 demonstrated significant primlna in 
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greater, pun tone avenge. Available nadiqg achievement test aoona, measund oki the 
oompnfaenalon subtest of the QcUm-MoeOtnttie Rrndtng Tests (1978, Level F, Fonn 2). 
i n dicat e d a median nadlng level of grade 10.2 (Range 12.9 to 6.0, N 14). Thla sample 
group of sub|ects thenfon npnsented a itlatiively skilled subset of the population of 
deaf nadera. 

The hearing subjects for this study wen 20 undexgraduates at the Untveraity of 
Delawan who participated in partial fullUlment of the research nqulrements in an 
introductoiy Pi^chok^ course. All wen native speakera of English with normal or 
coiTected*ta*normal vision. 

SttmvU 

The eacperimental materials overiapped those of Bq)eriment 1. The ASL Only set 
contained the same 14 prtme-target pain used in Experiment 1. The 14 prlme*taxget 
pain in the Bngliah ^ ASL set ditTeied from those of Experiment 1, but wen selected 
accordlQg to the same crtterla.^ A complete Ust of the stimuli is gtven in the Appendix. 

The eq>erimental materials consisted of two lists of 1 18 stimuli. Both lists wen 
composed of equal numben of words and pseudowords. Each target (word or 
pseudowonl) was separat^jd from its prime by &n average of 10 intervening items (range 
7 to 13). Half of the items in each list wen preceded morphologically related primes 
and half wen not Across lists, each target was preceded by its related prlme.^ Each 
subject saw only one of the eaqiierlmental lists, which assured that the target word was 
viewed or^y once a sufcjject, m either a primed or an unprlmed context and that all 
subjects viewed both primed and unprtmed targets. 

Pseudowords wen cnated by changfx^ one or two lettem in the words. Consequently, 
for English ♦ ASL pseudowords, prime and target wen physically similar (e.g., 
LELPER/LELP for HELPER/HELP), whereas for ASL Only pseudowords, then was no 
slmilanty of prime and target (e.g., GOOM/Or for FOOD/EAT.) 

Fkoocdon 

The procedun v/as identical to that of Experiment 1, except for instructions as to task 
and some change in feedback* The feedback was the sub|ect's RT (In ms) for that trial 
which , If the subject had made an error on that trial, was preceded by a minus sign. 

The subfects wen instructed that on each trial they would see a letter string and that 
their task was to decide, as qukdcly and as accuratdy as possible, whether or not the 
string was a real English word. The two responses wen associated with diffennt keys; 
the right-hand one was labeled YES and the left»hand one was labeled NO. The subjects 
wen instructed to sit with their index fingen resting one on each key and to respond as 
quicklbr M possible. TT^ey wen also inTormed about the natun of the feedback. For the 
deaf sutilects, the e9q)eimenter was a deaf riL Jve signer, a former Gallaudf^ student, 
who communicated with the sulijects by signing. For the hearing suujects, the 
eq[)erimenter was an undergraduate at the University of Delawan. Prior to testing with 
the eiq[)erimental stimuli, subjects received one practice block of 15 trials. The total 
duration of the eipeilmeiU was about I5mia 



Results 

A preliminary items analysis indicated that the target word STRUM was missed by 
the heanr^ subjects on 80% of its presentations and by deaf subjects on 100% of its 
pr e senta t i o ns. For that reason, this item was eliminated from aU analysti^ for both the 
deaf and hearing subjects. As in Experiment 1, RTs that deviated mon than two 
standard deviations from the cell mearui wen eliminated from analysis. The resulting 
mean comet RTi and the mean percentage enon an ahown in Table 2. Thet^ wen no 
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*'g"'fi< ^ *" t interactions Involving subject group in any of the ^malyses reported below, 
an ps > .05. Thus, the same pattern of results was obtained for both the the hearing and 
the deaf subjects. 



TABLE 2: Th« fflMn RT (In mt) to words and nonwordt for th« haaring and daaf 
•ubjactt in th« Isxical 'dsdaion task of Exparlmant 2. Tha maan panMntaga 
anors ara givan In paranthasaa. 





English * ASL 
Haaring Daaf 




ASL Only 
Haaring Daaf 


WORDS 








Unprimad 
Prknad 


525 (.7) 519 (2.2) 
484 (.7) 479 (.0) 


546 

552 


(2.A) 558 (2.2) 
(3.4) 550 (.7) 


N0NW0RD8 








UnpffcnMl 
PrifiMd 


835(15.3) 667 (4.1) 
627(10.0) 627(10.7) 


608 
632 


(^5) ...?1 (27) 
(9.9) 633(11.7) 



For word latencies, an analysis of variance on the wlthln-sublects factors of prime 
condition (unprlmed vs. primed) X language of morphological relaUon (English + ASL 
vs. ASL OnlyJ and the between-subjects factor of group (deaf vs. hearing) indicated a 
Mgilflcant interaction of condition by language of morphological relaUon. F(l 37) = 
6^91. AfSe - 2143.20. p < .02. This significant Interaction also generalized across 

2?^ **** analysis with language as a between-ltems factor. 

^It4^ ■ 5.61a M9b ■ 1366LS3t p< .OS. 

,i!2"*?^?51^ hoc analyses on condlUon by group for each language revealed 
sjMteant fiicmtatlon for English + ASL materials. Pn.371 . 14.87. MSe -2152.03. p < 
il?^ wgects: /I1.2ej - 13.23. MSe - 1629.68. p < .002 for Items, but not for ASL Onhr 
^^Sft!^ t !if ~Vject8 and Uems analyses. There was no interaction with 
S!5 of these post hoc tests (both J% < l). Most critically, while the deaf 

suojecteta Experiment 1 had shown a significant 125 ms facilitation with the ASL Onhr 
so^lnEbpertaent 2 the deaf subjects showed only an 9 ms nonsignificant decrease in 
r?,*.* *. subjects and items. Thus, for both subject groups, significant 

Finally, tibe overan ANOVA on RTs also revealed significant main effects of orlme 
'^TnTi^rJS^'^^: ^ -^^^ forTblects; 1^1.487^9 l? H^l 

^1 <;/^ ^^w"*°i*°** of moiphologlcal relation, m.37) « 46.24. MSe 

J^ Ji^^r^:!:^fl!' ■ ■ P < -OOl sterns- 

enect of condition reflected faster RTs for primed than unprlmed trials, and the effect of 

tangiMge reflected faster RTb for the trials In the English + ASL sttaulus^. 

An ana^ of the enors on words indicated on^r a significant tBect of lantfuase in 
the subjecto analysis. J^l.37) . 4.34. MSe - M.SlTp <^ nOtt^smXuXr^ 
errM» ontoe words tjied in the E««^ 

onfy maigmaOy signiflcant in the items analysis, fn.48) - 3.64. il^. i9^pTo7 
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In studies of repetition pilmlng. the data from the nonword trials can be tised as an 
index of whether the obtained facilitation is due to an experiment-specific (episodic) 
effect or to a lexical effect (Fetistel. Shiflhn. & Salasoo. 1983: Fowler et al.. 1985). 
Nonword fiullitation Is general^ not considered to be lexical in origin. If sl^ilflcant 
facili t a t i o n is obtained in the nonword data, then episodic, rather than lexical, 
influoices might also contribute to the outcome observed with words. The mean correct 
RTs and mean percentage errors for the nonwords are shown in Table 2. In the analysis 
of nonword RTs. the only significant finding was an Interaction of prime condition by 
language of morphological relation In the subjects analysis, ftl.37) « 5.59. MSc = 
3049.80. p < .05. This effect fifdled. however, to reach significance In the items analysis. 
J^l.52) > . 16. MSe « 1912.77. Indicating that the effect in the subjects analysis was due to 
a couple of problematic sttmulL In the ani^rsls of the nonword error data, there was a 
sig n i ficant effect of prime condition. F(1.37) « 5.73. MSe a 135.21. p < .05. and a 
significant interaction of prime condition by language of morphological relation, 
F(1.37) a 4.25. MSc m 132.05. p< .05.. neither of which reached statistical significance in 
the Items ana>jrsl8. fb < 1 for both. Ihe results of the nonword data, therefore, give little 
reaison to tufer that episodic Influences contribute to the pattern of resutts obtained for 
the word data. 



Discussion 

The same pattern of results was observed for the hearing subjects as for the deaf 
subjects In the English lexical decision task. That is. there was an interaction of prime 
condition by language of morphological relation such that significant &cilltatlon was 
obtained oni^ for prime-target pairs that were related in English. The significant 
faclll t atlop with the English + ASL -materials replicates earlier wrk by Hanson and 
WUkenfekl (1985). namely, significant fiacUitation for targets preceded by primes that 
were morphologically related tn both languages. The fincUng of interest in the present 
experiment Is the absence of facilitation on oials in which ASL provided the orify 
relationship of prime to target. This pattern of results suggests that the lexical 
organization of English materials by deaf readers is based on morphological 
relations h i p s that are evident In Engliah. not on those present in ASL. Thus, the lexical 
organlratlon of these signers tends to be language specific, in that processing of ASL 
invohres a structuring based on principles of ASL morphology, and processing of 
English involves a structuring based on English morphology. 

The sul^ects' better perfoimance ot4 Jie English + ASL set than on the ASL Only set. 
as indicated by Caster RTs and fewer errors, caimot be interpreted as reflecting an 
inherent difference in cognitive processing for English and ASL. Rather, this effect 
almply reflects subjects' differential familiarity with words in the two sets. During 
stimulus creation, these two sets were not equated for word frequenqr or familiarity. 

GENERAL DISCUSSION 

hnpdrtant to our interpretation of language specificity in lexical oiganlzation are the 
different patterns of fkcUltatlon of the ASL Only morphologically related prime-target 
pairs m Ibcpenmento 1 and 2. In a task that required decisions on woids of English 
(utfc. the lexical dedston task of Experiment 2). the deaf subjects were not facilitated in 
their mpondlng to pans that were morphotogkmlty related onfy in ASL. In a task that 
required dedstona on signs of ASL, however (ufc.. the algn decision taak of Experiment 
1). the d«f sul^ects' responses were facilitated when prime-target pairs were related in 
ASL. To be able to conclude that the obtained fadliUtlon reflects the ASL relatedness of 
the noun-veib pairs, tt is necessary to rule out possible explanations of this effect that 
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case due to the fact that mS^^l^^^^Tt^^^ ^ P^"* 
there is evidence that In the two wcperlmenta. Although 

UK abMiice offtdU^^in S^^t^!^^, ? owanlauon baaed on ASL. 

EngUah lexicons of them •i«fn*r. ^ J;i?*^ir^, ^ suggests that the 

toATlSrrthl E^Sif^^ *° relatloShlps inherent 

the English l.xlcSSro?Tea?^L r^T^P'^"'^^ 
vlaually/ithographlca^ rHaSUn ft Wil^S^^^^ organized 
present studjr^Kmaf?nLto^^2^^ ^^^^^ to the 

obtained feSZTSi ttl pre^t SSem^JT^^^ 
prtning with deaf readenToianS^ A wffc^fcM '^^^ °n wpeUUon 

SJund ft KUma. isaii A»fc«S«i?2r^ J^""" '<W»ti by Shand (Sband. 1982- 
or pfinL nu. notion elnilv nrScUuSSSJ^i, '•^V ""Put la sign 

~S.S!5r2SS,'5^iS:,^^ «^ to r^aa a,,, u.. 
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possible, therefore, that the primary language notion may better describe the English 
processing of less skiUed deaf x^ders. 

In conclusion, the outcome of Experiment 2 revealed no evidence that the lexical 
organisation of English is influenced by characteristics of ASL. It should be recalled, 
however, that m l^cperlment 1 evidence uxis obtained for lexical organization based on 
ASL morphdcgy in a task that required a decision based on signs of ASL. This pattern 
of results suggests that deaf skilled readers use morphological principles of ASL in their 
lexical organization of ASL. but that their lexical organization of English does not 
reflect morphological characteristics of ASL. In sum. lexical organization is language 
specific. 
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APPENDIX 



English 4. Afir. 



Experiment 1 



Target 

WISH 

CRASH 

WALK 

CREATE 

HELP 

COMPLAIN 

DEMAIfD 

RELAX 

JUMP 

KILL 

TEACH 

BORROW 

RIDE 

LOVE 



Moreholoy<rai 
Prime 

WISHING 

Ci^HEO 

WALKED 

CREATING 

HELPER 

COMPLAINING 

DEMANDED 

RELAXED 

JUMPING 

KILLER 

TEACHER 

BORROWED 

RIDER 

LOVER 



Target 

EAT 

SAIL 

SHOOT 

TELEPHONE 

BROOM 

WAITRESS 

DRIVE 

CHAIR 

LOCK 

SCISSORS 

ICE CREAM 

SHOVEL 

LAWNMOWER 

STRUM 



MorpholnytMl 
Prime 

FOOD 

BOAT 

GUN 

CALL 

SWEEP 

SERVE 

CAR 

SIT 

KEY 

CUT 

UCK 

DIG 

MOW 

GUITAR 



English + AST. 



Experiment 2 



ASL On ly 



Inset 

HELP 

TURN 

CRASH 

WALK 

DEMAND 

HANDLE 

CREATE 

RELAX 

LOVE 

SLEEP 

NEiEaD 

RIDE 

JUMP 

CREDrr 



MorphnlngjrnI 

HELPER 

TURNING 

CRASHES 

WALKER 

DEMANDED 

HANDLER 

CREATES 

RELAXED 

LOVER 

SLEEPER 

NEEDED 

RIDER 

JUMPING 

CREDITOR 



lazs&t 

EAT 

SAIL 

SHOOT 

TELEPHONE 

EROOM 

WArmESS 

DRIVE 

CHAIR 

LOCK 

SCISSORS 

ICECREAM 

SHOVEL 

LAWNMOWER 

STRUM 



Morphnlng<rfl| 
Prime 

FOOD 

BOAT 

GUN 

CALL 

SWEEP 

SERVE 

CAR 

SIT 

KEY 

CUT 

UCK 

DIG 

MOW 

GUITAR 
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FOOTNOTES 

•Memory 6t CogniUoH, 17, (1989). 

♦AIM, IBM Research Division, Tnomas J. Watson Research Center, Yorktown Heights, New York. 

»In the case of two stimuli, SAIL and UOC, the ASL signs are usuUly translated as CO-BY-BOAT and 
UOC-ICB-CRBAM (Supalla It Neivport, 1978). Given the consistency of the subjects and items analyses 
In Experimanta 1 and 2, these deviatfons from the exact transUttons do not appear to have caused 
problems. '^'^ 

*Tt» t«m f«f»m&)gta/ need not be Umited to use with spoken languages. In the case of American Sign 
Language CASL), fOr example, the term phonology has been used to describe the Unguistic primitives 
related to the visible gestures artteulated by the hands, face, and body of the signer. 

'B^erimenta land 2 were run in reverse onler. The changes in the English + essitatedin 
order to have approximately equal numbers of one- and tw»-handed sign responses in Experiment 1. 

♦The morphokigkal primeKEY was Incorracdy typed as KING in the stimulus list shown in Experiment 2 
only. The luget word LOG' was therefor* omitted torn analysU in this experiment. 
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Anomalous Bimanual 
Coordination Among 
Boys* 




Marshall Gladstone,^ Catherine T. Best/^ and Richard J. 
Davidson^^^ 



Most neuropsychological models of dyslexia have focused on left hemisphere dys- 
ptnctions: however, seoeral recent studies alio suggest d^iculties vnth 
interhemispheric integration. We assessed that possibility by tesHng bimanual 
coordination in 18 dyslexic and 18 nondisabled daxtral boys (9^14 years) of abooe 
average intettigenu on an Etch-a-Sketch-like apparatus. The task measured 
various roHoa and directions of hand rotation with and without visual feedback. 
Grmqt performance was eiptioalent on triale requiring parallel movements of the 
hands (both clockwise). In contrast, on trials requiring mirror movements 
(clockwise + counterclockwise), dyslexks were slower and Use accurate than 
a>»*rols, particularly with their left hands. Moreover, dyslexia had notable 
difficulty on the mirror movement trials without visual feedback, often 
unknowingly reverting to paralld hand movements. The dyslexia' deficits were 
largely consistent with previous observations of partial commissurAomy patients, 
supporting the hypothesis of impaired interhemitpherie coordination. However, 
!?L: c ^ P«Aww ntirror movements seen among the dyslexics has never 
fcgre been observed in any other population. Vfe propose that a combination of 
deficient interhemispheric collaboration plus anomalous organization of the 
ipsikteral motor hand pathways may account for the dyslexia' performance. 



Recent theoretical proposals suggest that eflDtelent Interhemispheric integration Is 
taiportant to reading development (Gladstone & Best. 1985: Kerahner. 1985a). and that 
dysieac children may have deficits In toteitaemispheric collaboiaUon (Davidson 
Leslie. & Saron. 1988; DencUa. 1986: Gladstone & Best. 1985; Kershner. 1985b). A 
number of empirical toveTti^atlons lend support to this proposal. Compared to nonnal 
readers. re«Ung Impaired children show less totexhemlspherlc EEG coherence (Sklar. 
Hanley. & Simmons. 1973). Anatomical measures of the coipus callosum. the major 
neocortlcal commissure, have been reported for two c^lexlc brains: both showed 
abnoraaal thinning (Drake. 1968: Wltelson. cited to McGulnness. 1985). Behavioral^. 
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certain t ic htet oa c oplc (GroM-Olenn & Rothbeig. 1984: Yenl-Xomahian. Isenberg. 6l 
Ooldbexg. 1974) and dlehotic (Kershner. Henninger. & Cooke. 1984: Obnut. Obizut. 
Hynd. 6t PlroBolo. 1981) studies of reading-disabled children havft also suggested 
abnormal inkeriiemispherlc sharing, of sensory information. Wherear normal age- 
matched chil d r en display a stable right-ear advantage on verbal dichotlc tests, reading- 
disabled children switch the direction of ear advantage as a functiob of which ear is 
attended (Obrsut et al.. 1961) and whether the response mode is oral or written 
(Keishner et aL. 198^. This "attenttonal switching." a {dienomenon usuaQy seen oDiy 
among younger nonnal children, has been attributed to the inadequate r^ulation of 
attentl o n al resouroea between the hemispheres (Hlscock & Klnsboume. 198(9. 

Thus, while contemporaiy views of dyskzla have more commonly attributed reading 
failure to left hemisphere Impairment (Rudel. 1985). recent evidence has also 
Implicated deficient tnterfaemlspheric attentlonal regulation and sensory integration. 
However, a number of questions about mtertxemlsphene coordination among disabled 
readers remain uaantwered. For example, relativi^ little is known about the role of 
interhennsphenc pro ce ss e s in the bilateral motor anomalies that have been clinically 
observed ftr maiqr years m readmg-dlaocdered children (Dendda. 1985: Tomalno. in 
preas). RecenQjr. DeneUa (1986) has stated that "Orton's concept of mixed dominance 
may be to port an t not in tenns of icoaq)etlng engrams' m the visual field, but rather m 
terms of [toteftiemlqiheneaQ^ competing motor r^irllpatiftn systems in the anterior 
portions of the brain." (p. 193). In light of. the theory and daU suggesting imoalred 
mteihemlqdierlc cnm<nimtpattnn among dyslexlcs. it woukl be important to determine 
whether Uielr atypical motor performance is slso indicative of anomalous 
li^cTheml^ene p roce sses . 

Ihe motor snomsHes of "pure dytiUatic' children (Le.. children with primary reading 
Impairment without other algnUicant language, neurodevelopmental or emotional 
disorders) appear to be largety conilned to fine and/or repetitive movements of the 
distal musculature of the fingers and hands. For example, impairment ta rapid 
alternating finger movements was the on^ distinguishing motor characteristic foimd 
m one group of dyslexlcs (Owen. Adama. Forrest. Stols. 6t Fisher. 1971). Similarly, 
dyalexic children have ahown dlfllculties in a sequential finger to thumb oppostticn 
task (Dendda, 1988). Of partkmlar importance to the issue of Interhemispheric 
coDabontlaa are findings that indicate poor coordlnatton between the hands. Notably, 
certain types of motor imprecision among dyslexlcs appear only when bilateral 
co o r rtmatton to required (Badlan & Wolff. 1981: Dendda. 1985: Wolff. Cohen. & Drake. 
1984). When unilateral movement to required, ^ynkinetlc or mirror movements may 
occur m the opposite hand (Dendda. 1985). Moreover, there Is often a large left-right 
asymmetry, with poorer than normal left hand performance among right-handed 
dyslexlcs (Leslie. Davidson. & Batey. 1985). 

Any of these motoric fmdlngs msy implicate dtoturbances in interhemtopheilc 
coordination or left hemisphere processes. Manual performance tn dextral brain- 
damaged populations has suggested thst the left hemisphere to dominant for fine motor 
control of both hands, influencing the left hand vto calloaal connections to the right 
henu^ere motor centers (Qeschwind. 1975). Thus, deficits in left hand perfonnance 
have been found In both left hemisphere-damaged individuals (wyke. 1971a) and 
commissurotomy patients O&euter. Klnsboume. & TVevsi^ea 1972). The impaired left 
hand perfimnpnee of dextral dyslexlcs suggests the possibility of poor collaboration 
between the hemispheres (Denckla. 1986: LesUe et al.. 1985) or impaired left 
hemisphere functkm (Rudel. 1985). 
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When the motor ddkttt of readlng-dlMbled children are exclusive to conditions 
requiring bi m an u al coordination, interhemisphenc processes are implicated. 
Spedficalljr. deficits on an alternating bimanual tapping task have been interpreted as 
evidence of impaired mteriiemisphenc coordination (Badian & Wolff. 1977: KUcpera. 
Wolff. & Drake. 1961). Ihe general relation betiveen intermanual coordination and 
interhemisphenc collaboration has been most deaiiy demonstrated by Prsilovvski 
(1972, 197g. I n this s tu4y. epileptic adults whose anterior neocommlssureshsd been 
*^ cO a B ed were cQnqiared to nonnal aild unqMrnted epfleptle adults. The sutjfeets were 
req^^wd to leaxn a Mm a nu al morritnattoi task staHar to Etch-a-Sketch. While seated 
in front of a screen, pattlcQMmts were required to turn two cranks in order to guide a 
styhis along s prescribed pathway. Control aubjects learned to coordinate their hands 
to p roduce a relattretr straight line wlthm the required dlagonsl psthwiy. In contrsst, 
the fnmm lssi ir otony patients fitiled to develq) the smooth intermanual motor control 
seen am ong oth er sul^)eets. Rather, thegr appeared to r > on visual feedback mecha- 

i^sms to comet their movement errors. MOrsQwer. when visual feedback was removed, 
the yntrei subfects were able to retain their learned pattern of mtermanual 
coordination, hi contnat. the conmissurotomy patients were lanttly unable to do so. 
indicating their reliance on mefiklect vlaual feedback. Further, they demonstrate;! 
psrtteular difficulty rnitrontn g their left hands. Preitowaki'a findtags indicate the 
specific rde of the anterkr portion of the corpus callosum m left hsnd control snd the 
acquisition of mtsnnanual coordination. 

, -^P*^. 'Ptormanual coo n ti nat lo n . however, has also been associated with specific 
idt benHspheze dsmsge. Left hemisphere damaged patienU produced more errors on a 
Dtoanualpaiitflpaph task than did noimala or right hemisphere dsmsged patients 
(Wyke, 1971b). Although wyke'k task did not sssess indK^S 
ovoran bimanual tbOtty, aince a pantograph links the two hands to control a aintfle 

stylus, her daU nonetbeleas suggest a left hemisphere cootzlbutian to bimsnual abO^ 
In light of the evidence fiir both left hemisphere and mterfaemispherlc contrlbuttons 
to muiual and intermattual coonUnatlon, it is not clear to what extent the manual 
coordinauon deflctta of dyalexics may derive from left hemispheric and/or 

m!!S!lI^ff.^*** ■ ^ required them to maintam vsrious 

metoreawme ^trained Upping rates. Unlmanual. synchronous blmsnual. and 
^S^^SUTi!!!^ of thia timed tapping precision task were utilized. This 
Pn^aun permitted the measurement of mdividual hand contributkms to various 
modM of manual coordination. SpeciHc left hand deficits appeared only to toe 
btamjjy attematog mode, which the authors Interpreted as evldWof^atanSt 
m "^^ 7™"«" «g tl o n between the hemispheres (Badian & Wolff. 1977; KUcpera et 
aL. 1881). smce the bhnanual condition alone revealed deflcita. the resulta seem 

^SSS^.^^^^ll^V^l"^ ^ ^ commlSuStow P^tiS^ 
»2J«*««*«»»P«t by Wolff and colleagues 1984) failed to support their 

S^^^' .bsotate^ of mSTSSScSS 

II2?.5^r^?I-2? ^ *^ apeeded motor taaka. including aome umelated to 

to^jcoy^tton, tte p«lb««mce of the «adlng.impiSl SeS^StS 
SSlSSlr.SJ?' ^ *«>1" down, rather than by 

^S^^^^JPl ? «P« motor ttolng abili^thJ 

2£SSJ^rJ52^i* been moat evidemto thTKiuid 

2S^?5£2? *"fc-.C0Pfequently. their use of a rapid timing predaton t^ 

the evidence that the left hemisphere is specialised for rapid motoi^ 
fimamiMl AmmMlk$ in Dy$Uxie$ 
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(Klmura. 1977). the Wolff et aL (1984) report tuggetts that the earlier observed 
intermamul aribmaJlea of poor readert may not be due spedufkaUy to mterhemispheiic 
cdlabontlan deficits. It should be noted that Davidson and his colleagues ODavidson et 
sL. 1988) have propos e d that problems in the tuning of inteihemlspheric transfer in 
dysleadca nugr actuaUsr mteifere with left hemisphere req)onse processes and thus 
reveal themaehres as Itt heml^ere deficits. No stu^r to date haa ahown the 
differences m mtermanual coordination between normal and impaired readers to be 
independent of rapid motor sequencing ability, aanflcatlon of this issue might shed 
some light on the role of interhemispheric processes in developmental dyslexia. 
Consequent^, m the stu«|jr reported here, the performance of dyakxlc and nondysleadc 
boys was compared on a bimanual tine motor coordination task designed to measure 
manual abilities Independent of abaolute timing precision. Following Prellowskl 
(1972), we utilised a tuk similar to Etdi*a-Sketch to aaaess bimanual performance, but 
deslgnsd our ivparatua to meaaure the indepenitent contrlbutiona of left and right 
h^wds. Also following Prellowskl, both visual feedback and no visual feedback 
co n d ltl o n a were uaed to evahaate the role of visual guidance In the performance of this 
bimanual taSk. 

Method 

Sab)4di 

Eighteen hnpalred (mean age > 12.08 yr.: range « 10.0 to 14.10 yr.) and 18 
n o n l mp al r ed readers (mean age ■ 12.31 yr.; range » 9.8 to 14.7 yr.) were selected from 
schools In Westchester County, New Yoiic AH children were right handed boys (as 
taaeaaed by the Hams of Latersl Dominance. Harxla, 1958) and participated in a 
prevloualy pubUahed atudy of dyalcKia (Leslie et aL.1985). Bach chlU waa paid ten 
dollars per reaeareh aeaakm. Children with histories of head trauma, seizures, 
psychiatric lUneas. recent use of pqfchotropk; medkaitlon or uncorrected visual or 
auditory acuity defidta were exchided fma the sttidy. Subjects were of »t least average 
tatetUgence (WISC-R > 90; Block Design Subtest > 7). Readmg level wsu. measured by 
word recognition (Woodcock Reading Mastery Test: Woodcock. 1977). Reading 
impalnnent waa deterqtfnedtay the Bityktebust Quotient ((2 z reading /(mental age 
chro n ological age)). Impaired readers had Itykiebuat quotlenta below .85, while 
controla acond above .95. Addlttonally. aU impaired readers were deficient in object 
nammg (Neuroaenaoiy Center Comprehenatve Eacamlnatlon for Aphasia (NCUEA). 
Spreen ft Benton. 1977] or m Rapid Automatized Naming (DencUa 8c Rudel 197Q. None 
of the control aul^ecta had naming deficits. 

TftUe 1 lists the ^oup differences on tests related to the *nclusion criteria. 
Appaiatau 

A Hewlett-Packard model 7035B x-y plotter was used to ass«M bimanual 
coor din a ti o n . The plotter pen waa controlled by two small, remote 10 turn hand- 
manipulated potentiometers, with one knob contr-.''lng the x axis and the other 
co ntwdHn g the y axis. The apparatus functioned muc. like fhe chlMren's gsme Etch-a 
SlMteh. The poattloa of the potentiometers waa counterbalanced so that the left ha«w 
centroOed the xaxSsfior half of the aul^ectsmesch group, tmt controlled the y axis for 
the other halt The movement of the two knobs allowed the subject to steer the plotter 
pen through varloua predetermined pathways Additionally, an opaque screen waa 
mnged to the base of the plotter to ocdude the sul^ecfs view of the pen and plotter 
during the no-visual feedback triala. 
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Potentiometer movement was monitored by optical counters mounted below the 
potentlometen. The counten were triggered by movement of the gear teeth in the knobs, 
and fed two decade counters rrhomton Model DEC 110). Knob movement of approxi- 
mate^ 12* rotation. In either direction, registered aa a single count on the LED readout 
of the decade counter. At the end of a tilal. the readout vahie was recorded by hand. 



TO aaaeas memoiy for line orientation, as a control meaaure for the no visual 
feedback oondttlon (see Rocedure). a simple apparatus was used. It consisted of a llin. 
zl41a(280mraz3SOmm)llaaonlteboardonto^fdilcfaa8-l/21n.z 11 In. (243 mmz 
280 mm) hidte frame had been glued to hoM a sheet of paper of the same size. A clear 
hicite pointer with a black line scribed in it was atUched so as to pivot from the 
midpoint of the base of the frame. 



TABLE 1. SoorM for eritwion mMMTM and rMding tMts. 



DYSICXIC 



CONTROL 



WMhslar IntsMoMioe 

forChldrMTftoviMd 

(VMillQ) 

(Pttemi n ee 10) 

(RiSoatoD) 

Woodoook Reading 

liMT^ani *** * 

Wmatmj TmrnQ 

HanliLMMAy% 

Rapid Automatized 
Nainino:Colora% 

Rapid AutomaUzad 
Naming: OI4aoia% 

Rapid Aulomatizad 
Naming: Numban% 

Rapid Aulomatizad 
Naming: Laltsra% 

NCCEAVhualNMyng 

QFW Audtoiy Oiaa: quiat % 

Myidabuat Reading Quotlant 



111.68* (12.86)^ 
119.74 (11.96) 
117.21 (12.50) 

17.89 (16.94) 
96.11 (8.50) 

43.94 (36.88) 

33.11 (23.60) 

18.44 (26.44) 

10.11 (21.22) 
61.78 (29.53) 
92.00 (16.26) 
72.00 (.00) 



126.84 (11.69) 
1 J 6.79 (13.87) 
124.84 (12.28) 

81.79 (10.79) 
97.22 (4.61) 

80.39 (15.19) 

72.50 (14.04) 

77.50 (21.54) 

82.78 (16.29) 
75.29 (11.14) 
73.39 (24.40) 
1.21 (.17) 



(M-100. SD.15); afl other taMa axoapt 
lyrtahiia t qucHant axp w aiad aa parcantMaa. 
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StlmuU 

Bach admulus fiir the Btch-a-Sketch-llke task consisted of a "path." defined by paral- 
lel straight lines drawn 5 milUmetets apart on 8 1/2 In. x 1 1 in. (243 mm x 280 mm) 
vrbttt paper, wrbkh was p os i ti o ne d on the plotter screen. The subject was to guide the 
plotter pen between the two lines. There were two test conditions: Visual Feedback (VF) 
and No Visual Feedback (NVF). 

ha the VP Condition the paths were 180 mm in length, varying only in the angle of 
Une orleutatlon on the page. Six trials were presented: a 26.5<* angle and its 
supplementaty and complementary arigles (63.S*. 1 16.8* and 153.5"). as well as a 45* 
angle and Its supplement (138*). The 26.5* angle required a bimanual ratio of 2: 1 for left 
to right hand (or right to left hand) movement of the potentiometer knobs. At 26.5*. 
both hands moved m a ckxkwise dlrectlorL At 63. 5*. the hsnd ratio for each subject was 
reversed (1:2). with both hands moving li£ a clockwise dlrectlort At 1 16.5* and 153.5*. 
the left to right hand ratios woe also 1:2 and 2:1. but one hand turned clockwise while 
the other turned eounterdoekwlse. At 45*. the two hands turned ckwkwlse at the same 
rate (1:1 ratio). At 135* the 1:1 latlb was retained, but the hands turned In opposite 
dlrectloiis (ck)dBwlse and counterctockwlse}. The six angles thus assessed equal and 
unequal rates of left and right hand movement, as well as unidirectional (clockwise) 
and bidirectional (dockwlae/counterclockwlse) movements. In the anatyses. the 
former fiictor Is det piated as mouement ratio, and the latter aa dtrvetfon. 

The stimuli for the NVF Condition were identical to those for the VF Corulltlon. 
except that a Une had been drawn perpendicular to the pathwi^, 60 mm bam the start 
of the 180 mm pathway, in order to mark the beginning of the no-visual feedback 
portion of the tnaL 

RracMhm 

The two bimanual taaks thus comprised a total of 12 trials presented to each subject 
The two conditions were presented to all subjects in the same order. VF followed by 
NVF. Both conditions were preceded by a single practice trial. Wlthm both the VF and 
NVF conditions, presentation order of pathway orientations was randomized across 
subjects. At the conclusion of all trials, the memory of line orientation task was 
administered. 

At the begtnnlng of the session, the subject was seated in front of the plotter screen 
and situated so that each potentiometer knob could be controlled with the thumb and 
index finger of the assigned hand. All subjects 'vere allowed approximately one minute 
of practice with the apparatua to iiunlllarize themsehres with the movement of the 
plotter pen. Prior to the start of each trial the counters were set to zero. During each 
bimanual trial, verbal encouragement was gtvtm freely, but no assistance with the task 
nor feedbsdc about performance was provided until the trial ended. Subjects were 
Instructed to steer the ptotter pen through different pathwi^ quickly, with an 
emphaals on accuracy m staying between the lines. They were told that if th^ strayed 
outside the lines, they shoukl try to reenter the pathway at the point where tney had 
exited it Tbne and individual left and right hand scores were recorded at the oftnrtufft^n 
of each tnaL 

VFCflndMoB 

F or this owi d lfl o n . the suttjects steered the plotter i>en through the six straight 
paOtways in five viewing. At the beginning of each trial, the examiner placed the sheet 
<^*"tf * *"*" g of the Wank pathways on the plotter screen and moved the pen to the 
begmning of the pathway. Time was recorded hy stopwatch to the nearest .1 sec. 
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beginning from when the subject began steering the pen. Left and right hand 
potentiometer readings were recorded from the decade counters for each trial 

>rVFCoadittoa 

At the coodtislon of the VP trials, subjects were given a brief rest and were then given 
the alx NVF trials, preceded by a practice trial. They were instructed to begin as in the 
VP trials, but to stop moving the pen momentarily when it reached the small 
perpendicular line drawn across the path, so that the experimenter could lower the 
screen that occhided the sul^ect's subsequent view of the plotter. Ihls screen was 
marked with an TC* lb the center aa a visual fixation point, approximately at eyt Ir/el. 
to keep the subfects fr?m watching their hands aa they completed the path without 
visual feedback. Time and potentiometer output scores were recorded separate^ for the 
first 60 mm (visual fcedbKk) and last 120 mm (no visual feedback) portions of each 
trUd. When the aub|ects reached either the end of the path or a point 120 mm from the 
Ktart of the no visual :«edback portion of the triaKdetemilned by an arc drawn 120 mm 
from the ongm of that ae^nent of the path), the aubjects were stopped and the time and 
potentiometer readlntfi were recorded. Subfects were pennltted to see their perfomiance 
at the conduaion of each trial, but no cuea about performance were given during the 
trial. 

Mcmoiyidr Una Orientation 

To assess the eflTect of visual memoiy for line orientation on performance in the NVP 
condition, a separate line o ri ent at io n memory task was administered at the on«v»^^|ft|f>n 
of the fesalon. Sut^eets were presented with a aheet of paper placed m the apparatus 

described earlier, onto which waa drawn a line seginent starting from the mldllrie of the 
bottom of the page and oriented at one of the six stimulus angles. Subjects were 
instructed to remeniber the o ri enta t ion of the line. PoUowlng a 15 aec presentation and 
a 10 see delay, sut^ects were represented with a blank aheet of paper in the same 
apparatua. They were aaked to reproduce the orientation of the line segmrnt by pivoting 
the Incite pointer to the correct angle. The subjects' response in angul/ir degrees was 
recorded for each of the alx trials. PresenUtlon order for the six line segments was 
ra n domized across subjects. w«i 

RESULTS 

VFCoadWoa 



Pot each trial in eoch condition, an ideal score (mm) was computed to refiect the 
mtakmim X and y axla inputa neceasaiy to complete the path without deviation fiom the 

were compared to these ideal scores on each trial- 
wiwscoresfor each hand were calculated as obtained score minus ideal score for the x 



rJ^iml^^i ^ computed for error acorea in the VP 

COTdttlon with Group aa a between-subjects factor and Hand. Movement Ratto. and 
Direction aa wtthin-subjects fiurtors. "Direction" refers to the dlrectfon of bimanual 
movanmt required for the trial (unidlrecttonal vs. bidirectional) and "Movement 
R^^jrdfer. to the ratto of right to left hand movement required (l:i. 1:2. or7T^ 

thI^S!LI!SL"ir*S5 ^''^^^ Hand, or Direction. However. 

S^SfSS* ^ X Dlrectkm. F[iM) - 4.88. p < .04. and Group by Direction by 
Hand. J^l.34) ■ 4.1. p - .05. were both algniflcant. Plgure 1 suggests that the Group Iv 
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Direction interaction was attxibutable to a greater error rate by (fyslexics in the bidirec- 
tional trials, and greater error rate by controls in the unidirectional trials. However, 
the simple effects tests for this two-way Interaction were nonaigniflcant. 

M contrast the smqjrie effects tests were sjgniflcant for the Group X Direction X Hand 
interaction, which was attributable to Group X Direction differences in left hand 
p er forman ce. The control subjects showed significantly greater left hard errors in the 
unidlreettooaltrlslsfhsn in the bidirectional triala.m.34)* 5.99. p<. 02. Theievene 
effect fig the dystodcs (see Figure l)waa not Significant, but they did show algnificantly 
greater eizon fiv the left hsnd thsn the right hand in the bidirectional trials, ftl.34) « 
S. 15. p < .03. However, there was no group difference in left hand performance on either 
the bidirectional or the unidirectlanal trials. 



VISUAL FEEDBACK CONDITION 




DyslMdta eemrels OytiMles CoMrels 



UNIOIRBCTIONAL BIDIRECTIONAL 
DIRECTION OP BIMANUAL MOVEMENT 



PlguM 1. M«an •nor loorM In the Vliual F<Mdbaclc (VF) condition. Error bars rapraMnt standard error 
of the main. 

Coaq»ktloBTfaiie Scant 

The analysis of co m p le t io n time alao indicated group differences (see Figure 2). A2X 
3X2 ANQVA. wlfh Group. Movement Ratio, and Direction aa factora, failed to find a 
algntfteant main efBwt tor Qrmxp. Ihere was a significant effect for Direction. F(l.34)« 
5.14. p < X)3. and fiv the interactioh of Group X Direction. Ftl.34) ■ 5.09. p < .03 
A^ough Movemant Ratio was slso significant. F12,68) ■ 12.69. p < .001, with longer 
eompletioa timss sssoeiated with equal rather than unequal hand movement ratios, 
this did not interact with either Group or Direction X Group. 
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Simple effects teats of the Group X Direction interaction Indicated that dyslexlcs were 
slower than controls In the bidirectional trials only. P{1.34) » 4.07. p - .05. While the 
dyrskxlcs showed no completion time differences between Directions, the controls were 
fkster in the bidirectional than the unidirectional trUi». F[1M) = 10.23. p « .003. Thus. 
In the visual feedback trials, the dyslexlcs were slower than controls only on trials 
requiring opposing hand movements. 



VISUAL FEEDBACK CONDITION 



□ Dysltxics 
@ Controls 



401 




Unldlrtctlonal BIdlrtctlonal 



DIRECTION OF BIMANUAL MOVEMENT 



Ffgurt 2. Meui completion times for the VLual Feedback (VR condition. 

NVF Condition 
Enor Scons 

f^J^^ last 120 mm of ttic pathway was performed without visual 

feedback, and therefore relied prbnarlfy on memoiy of performance during the flrat 
60mm. Subjects' enor scores on this last 120mm were analyzed bya 2X2X3X2 
ANOVA. with Group as a between-subject factor, and Hand. Movement Ratio, and 
Direction as within-subject xkctors. as In the VP condition. There were no main effects 
for ^tmp or Direction, but Movement Ratio. 1^2.68) - 14.96. p < .001. and Hand. f{1.34) 
- 5.09. p < .04. were both significant. Overall the right hand produced fewer errors than 
the left, and trials re<iuirlng a 1:1 ratio of input from the two hands (45* and 135») 
produced fewer errors than 1:2 or 2:1 raUos. The Utter effects did not. however, 
significantly interact with Group, and thus were not specific to the dyslexlcs. 



Binumiud ^muHu. in Dy$Uxies 



Z24 



222 



Although this anatysls failed to indicate any aignlflcant Group differences, we 
noticed that some subjects complete^ reversed the direction of rotation of one or both 
hands after visual feedback was removed, and that this pattern appeared strikingly 
different for the dyslexic versus the control subjects (see Figure 3). Since the hand error 
scores were cocqputed from the amount of hand input to the potentiometers, regardless 
of direction, such reversals could yield a near zero error score by a turn of the 
potentiometer knob oi the correct magnitude, but in completely the wrong direction. 
These dlrectkmal reversals can be treated In two different ways, ixAilch led us to devetop 
two new measures of enor. First we conqmted the arc degrees of difference between t^^ 
sub|ect*s reqxmse line and the center of the prescribed path (see Figure 3), referred to as 
ait arror scores. Second, we noted that directtonal reversals placed the response line in 
the spatial quadrant opposite to the stimulus path. For example, if the stimulus path 
was at 135^. ixrihlch is In the native x« positive y quadrant, and the response line was in 
the positive positive y quadrant, the subject had reversed the direction of rotation of 
the hand controlling the x axis. Therefore, reversal frequency served as another 
dependent measure. 




Bigim 3. Tradng oi « ravsnal error produced by a dyilexic subject on on« of the bidirecdonal NVF trials. 
Are Boor SeoKi) 

Art error scores were axialyzed in a 2 X 3 X 2 ANOVA, with Group as a betwem^ 
factor, and Movement Ratio and Direction as within-subject factors. There was a 
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sttfojficant main effect for Group. F[1M) » 14.61, p < .005. but not for Movement Ratio 
or Direction. The interaction of Group X Direction was significant. FT1.34) » 8.96. p « 
.005) Simple effects tests on this interaction revealed that the dyslexics had a greater 
error ma^tude on the bidirectional trials in comparison to the controls. Ft 1.34) s 
15.09. p < .0005. and in comparison to their own unidirectional performance, Ptl,34) = 
12. 17. p < /)02 (aee Figure 4). 

RcveiMl Fceqaency Seoces 

Reversal frequency scores were submitted to binomial probability tests, which 
yielded no group differences for any of the unidirectional trials. However, for each of 
the bidirectional trials, dyslexics produced significantly more reversals than controls 
(see Table 2). 



TABLE 2- Nynbf of wvy»al» in bidirtctional trials of th« No Visual Faodback 
CondUwL 









Binomial 


Angia 


Dyslaxics 


Controla 


ProbabaRy 


116.5* 


7 


0 


.008 


13S.» 


8 


0 


.004 


1S3.5* 




0 


.031 



This finding, in coi^uncti^jn with the nonsignificant Group effect in the hand error 
scores, indicates that the group differences in arc error were largely a fimction of 
reversal frequency on bidirectional trials. Group differences attributable to this 
combination of laige are and low hand error scores are possible only when the errors 
are caused by conq>lete reversals in the direction of hand rotation. 

To assess whether the reversals were preferentially influenced by one hand or by one 
direction of movement (doekwiae vs. counterclockwise), we examined the quadrant of 
actual response on each trial for which a reversal occurred fftgure 4). Among the 24 
reversals found In the dyslexic group (20 in the bidirectional trials. 4 in the 
unldirMUonal trials). 13 were attilbuUble to the left hand alone (11 on bidirectional 
mala. 8 of these invohring a switch torn counterclockwise to clockwise motion). 10 to 
the light hand (8 on bidirectional trials. 5 of these involving a counterelockwise to 
clockwise switch), and 1 to both hands (bidirectional trial). According to binomial 
tests, neither the hand difference nor the difference in direcUon of switching was 
st^cant. Nor was there a significant association between hand and switehing 
(Erection, bya Fischer's Exact ProbabiUties test. However, the dyslexics were more 
ittely to revert to unidirectional (parallel) movement of the two hands (19 instances) 
than to revert to bidirectional (mirror) movements (5 instances), p < .003 by binomial 
tMt. Moreover, rc srsals to unidirectional (paraUel) movement were more likely to 
motion of both hands (13 Instances) than in counterelockiise 
motion (6 msUnces). P - .05 Jy binomial test. Only three revenal eirore occurred 
among the control sul^e \ all in unidirectional trials, that is, reverting to mirror 
movement. • 

v2il!J^^^Vl *^ ^t^I^ produced revereals at least once. 

SSJS 18 controls did so. Seven of the dyslexics. and one control, 

reversed on more than one trial, even though they had been shown their errors at the 
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end of each trial. Thus* awareness of their reversal errors did not stop a number of 
dyalcxlcs firom reversing on subsequent trials. 

Conpkdoa Time Scores 

Trial completion times were also ana^rzed, by a 2 X 3 X 2 ANOVA with Group as a 
between*subject factor and Movement Ratio and Direction as withln^sutject factors. 
Results indicated no significant main effects. Although the (j^exlcs appear to have 
perfomied somewhat more slowty than the controls on the bidirectional trials (36.62 
sea vs. 28.M sec.) and on the unidirectional triato (33.02 sec. vs. 29.7 se^ 
not sig n i fi ca nt . However, the interaction of Group X Movement Ratio was significant, 
P{2fi2) m 3.72« p < .04. Tills effect was the result ot the dyslexics* slower perfomiance on 
the 45^ (tmldlrectlonal 1:1 ratio of hand Inputs), 135^ (bidirectional, 1:1 raUo), and 
153.5^ (bldirecuonal, 2:1 ratio) trials. No other completion time effects wer^ 
significant. 

NO VISUAL FEEDBACK CONDITION 



□ Dysle:;ies 
^ Controls 




UnidiraetlontI BIdirtctionai 



DIRECTION OF BIMANUAL MOVEMENT 

Hgiin 4. Main arc error notm for the No Visual Feedback (NVF) condition. 

Several findings in the NVF condition thus parallel those found in the VF Condition. 
Dyalexlcs were slower and less accurate on bidirectional trials, and showed a bias 
toward greater left hand enors. However, in contrast to the VP condition, hand error 
scores did not reveal significant Group X Direction dlffierences for the NVF condition. 
Hie lode of group dlflbmces in NVF hand errors can be accounted for by the incidence 
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of reversals among dyslexlcs. which were evident In arc error scores and reversal 
frequencies. 

CounterbaUndng of Hand and Plotter Axis 

Hie effect of counterbalancing hand of control with plotter axis was examined by 
analjrsis of variance for the VF and NVF trials. There were no significant effects in any 
condition. 

Nfemocy for line Orientation 

For the Une memoiy task, error scores were computed as the average difference In an- 
gular degrees between the target Unes and the subjects' responses on the six trials. 
Scores among the dyslexlcs appeared to contain several extreme values, so group scotes 
were tested for homogeneity of variance. Since the group variances were slgnSlcantly 
different. F(1.34) ■ 5.62. p a.023. a t-test for unpooled variances was conducted to 
comport group means. There was no significant group difference In memoiy for line 
orientation. 

AgcasaFador 

In order to assess the influence of age on group performance, age at time (tf testing was 
entered as covariate with the dependent measure of time and left and right hand error 
scores in the VF condition, and arc error scores In the NVF condition. The ANOVA in- 
dicated no significant effect for age in any condition. 



DISCUSSION 

In the present study^ the performance of dyslexic children on an inlermanual 
coordination task unrelated to the reading process was consistent with the weU- 
accepted position that they have atypical functional cerebral organizaUon. The 
disabled readers showed Impairments In bimanual coordination, relative to their 
nondlsabled controls, under several condiUons. Group differences were evident on both 
speed and accuraqr measures: Impaired readers performed more slowly and less 
accurately with visual feedback, particularly with their lefl hands during bid ^oxai 
trtols. and also performed less accurately without visual feedback. A primary 
difference between the two conditions was that tjxder visual feedback monitoring the 
dyslexlcs were able to correct the direction of their left hand movement. Their high 
eiTor acoTM. however, reflect the Inefltelency of this approach. In contrast, without 
visual feedback, these rabjects were unable to monitor their hand movements visually 
and unknowingly reverted to unidirecUonal bimanual movement. This was 
demonstrated In both their are error and frequency of reversal scotes. 

Most striking was the tendency of nearly all the dyslexlcs. but none of the control 
subjects, to revert unknowingly to unldlrecttonal (paraUel movements) of the two 
"Quiwments of bidirectional (mirror) movements without visual 
feedback. TWs pattern of reversals more often resulted in clockwise, rather than 
counterdockwise. movemento of both hands. Thus, the dyslexlcs had difficulty 

S!i2ilS2SLi*S2r'"^* movements, and/or showed a strong preference for 
unidirectional bimanual movements, usually clockwise. 

^ topaired intttmanual coordination of our dyslexic subjects co- 
toddes w^Preflowskl's (1972.1975) report of intennanual deStts amo^lSSl 
SSS?!SS2rLK2fSl* ~=«»*~"«tomy patients and our dlUbled 

*^ rtght-hand impainnent. which Preilowskl attributed 
to a £afluiie in the Interhemispheric coordinaUon of motor commands fh)m the 
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dominant left hemisphere In his subjects. In addition, both these groups had difficulty 
mamtatnmg certain preeatabUshed bimanual movements without visual guidance, and 
unknowlnglt^ reverted to movement patterns that were presimiably less demanding for 
them. Preflowaki explained this behavior in hla commlssuroton^ patients as a failure 
to deve^p efOdent motor feedforward, a putative function of the anterior portion of the 
corpus rallasiim, The parallels m the two sets of findings suggest that there may be slm* 
liar Intertieml^pherlc deficiencies among dyslexlcs. 

The present results are also consistent with other reports of impairments among 
poor readers on mtcmianual (Badlan & Wolff, 1977; Kllcpera et aL, 1981) and left hand 
(Leslie et al., 1985) performance, which were Interpreted as evidence of deficient 
lnteriiemlq>herlc processes. However, as we noted in the IntroducUon* Wolff et al. 
(1984) iinind that impaired readers differed from nonnal conaols in timing precision 
on a variety of q>eeded motor taaks, and not oxHy on bimanual coordination. The 
tapping task uaed in the earlier Wolff studies had thus confounded intennanual 
coordination with timing precision, which is dependent on specialized left hemisphere 
processes dOmurit 1977; Vaughn & Costa, . 1962; wyice, 1971a). lliese considerations 
suggest the poss i b i lit y that the poor ireaders' bimanual tapping deficit reflected a left 
hemisphere rather than an interhemlspheric dysfunction, thus limiting comparisons 
between WolflTs and PrellQiwski's findings. 

In contrast, the present stud^ aasessed intennanual coordination Independent of 
absolute timing predalon. Therefore, the bimanual impairments we found in reading- 
disa b l ed beys cannot be ascribed solely to deficits in left hemisphere control of rapid 
sequential motor output However, it is premature to draw the alternative conclusion 
that Inteiiiemisphenc processes alone are responsible. 

A primary limitation in interpreting our findings is that there are no previous 
reports of impaired perforaiance on bidirectional, or mirror-like, movements in ai^ 
population. Thus, there is no precedent for relating the bidirectional movement deficits 
to hemispheric or interhemlspheric function. No such deficits are present in 
Prellowskl*s studies with commissiurotomy patients; in fact, both his patients and 
normal control subjects showed better performance on bidi^'ectional, mirror 
movements than on unidirectional, parallel ones (see also Speny, Qazzanlga, & Bogea 
1969). However, It should be noted that Prellowakl*s task required movemex^ts of the 
lower arma (proximal musculature) to turn cranks while ours required fine movements 
of the thumb and forefinger (distal musculature) to turn small knobs. Therefore, 
differences in the pattern and degree of cortical control over the distal versus praxtmal 
muaculature (Brmkman & Kuypers, 1 972) might seem co suggest an explanation for the 
disparity between our findings and those of Prellowskl. 

Two dbservatlona, however, mitigate against the possibility that our findings 
completely depend on the requirement for distal aiotor control. First, our ':ontrol 
sul;>Jects, like Prefiowski's control and commissurotomy subjects, demonstrated dear 
preferences for mirror movemeiits. They were fastf^ and more accurate on 
bidirectional (mirror movement) than tmldirectlonal (parallel movement) trials with 
visual feedback, axul the few reversals they produced without visual feedback all 
occurred on u nldlrecttonal trials (parallel movement requirement) and resulted in 
mirror movement d the hands. Second, using unlmanual finger*thumb appoaitlon 
tasks, Dendda (1988) found overflow of mirror movements in the contralateral hand 
among ')>ure* dyalodea. The dlflierence between our finding and Denckla's needs 
ex pl a n a t ii m , given that both involved distal motor contnd. In this regaixl, it should be 
noted that her stu^y emptoyed a unlmanual rather than bimanual coordination task to 
CTsmlne mirror movement prefererKes. Based on these two considerations, our 
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^S^rM^i,"^^^ the. 

n>lm»r roovti^t^xS?^^* ^ commonly observed 

motor cortex in ttS^i^Lh^l^^'^^^M^]!^ ^"""^^ pathways from 

Evidence from unllatOTdbntoSiSSirf .^rJLJf?' P«*towaki. 1975). 

the iptilateral mS mSi!Srfi«rj£5 ?°J.^Pherectony patients suggests that 
of t^nu^ma^ «>°t«to« a nUrru' lepSentatton 

lead to^^^Z^^S^'^'^'^^^^^rja pathw-^Tlhis wo^Sd 
because the JpsluSi^SSTJ^LiS^ '"'^^ nonnoUy suppressed 

via the coipSTSSirSS t?e^^ tnSS 
tendencies in congenital aSSsS? ffij iotS*??!'*- ^«*«» ««nor movement 
(Prellowald. 197S, inOlSS^ S^'^l^/^'J^,^ 

suppression of mtewrmSSSl. ^ " important role in this 

line descenSgto »lid blaS 

yith,«^r3% tte^^tS^ ?r'l5£itSS'^T^. contralateS 

dominant Influence of the left hemteS«?on himlS^ f!L5*"*'^y' represents the 
?>r«ge between the baSui^^^^SS^, bimanual performance. The dark gray 

corpus callo«an^i^^th?lSS^h^^^^^ ""^ within tSJ 

lyht hanisfO^'^^.StS^V^^^^ is • ^"«ce over the 

the contralateral than of tor3it«Li n-^SS!^ caUosum. The greater thickness of 
contralateral influSS ^ J^^'^^^^r'.^;^^'^'^ great,^!^ 5 
hemisphere are darker andtlSr^Son^i!!! * Pathways siaanatlng fixan Se left 
illustrate left b^^^^ SSTuS^^S*" «tf!t hemisphere to 
represent commands f<» (Sedt^t^^wi^ ^tbln the clicles 

pathway from each he«Siph« to a^l^^^^^ tbe ipsilateiS 

<.SKiS.^S:SrS (n^^, movements 

conynand. to eKSS^^^SJliSrS":^^ ^ ^« ^^^S 

''^-•(IW chiSSSeT^ ^ P^Howskl (1975) and 

wen as normS^^^ .SJS" the pe*n^ of various clinical populatW^s 

account for our ^SSc wb?2^,i2fr.f*^ ^ demands. It cannot, ho^^ 
bwda without •SrS^lS,'?^ to un^^ aciicSTSS 
coordination woukl be^SsSTwlVSf ?„5S?*5*^ P*^' mterhemlsphenc 
"SS»?t preference u^SreSS ^ik^S/7*Y»"" *° 3lyinJ 
feedback, which would todtei^dSSenr^hSS?* r*Vu^ of viiuS 



230 



221 



m disabled twdcn (eg.. Dwktoon et.tL. 1988: Gladstone & Best 1985: Ker^er. 1986. 
StoSTaUrSl). & the drtcdon of the dyalodcs' underlying movement Pt^c« 
ttuSnnuf^lso^^ with Prellawskrs (1975) neural model of mirror movements 
oTSffirThoSever. we modify the ]»y 52°t^«?'«*«f»JlTf^^ 

oManlsatlaa of the IpsUateral motor pathways in our disabled leaders, to addl"^ to 
2tS^pherlc dSclencyi. it may extend to our findings. That is. 
mo^ra^ could occur if the ipsllateral pathway in dyslexlcs represents a spatial 
SSSrftoeWment dlnxtuSprojected In the contralateral pathway rather than 
the mUTor-lmage rcptesentatton proposed by Prellowskl (1375). 



IVr MMNT 



LVT NQHT 





NomiM. auuicTt 



NOMIAL tUUICra 



Ficoit 5a. Dtagnun of piopowd inHumcM from etch hemUphew during bimanual performance by 
normal wi»ji^(baa«i oa Piellowtkl. 1975). See text for detaUed explanation. 

Future 5b Illustrates our modified neural model of the unidirectional {par^e« 
hlmniual movement preferences of our dyslexic subjects. As with toe 
the left hemisphere Is assumed to dominate In conttol of both himds. 'J^"^^**?^^ 
the daiker oathwaytt emanating from the left hemisphere than from the right 
hcm^m. liewS. the contaSteral pathways are assumed to be more influertija 
Soie ipallateial pathways, as shown by their greater thlclmess. However^t Is 
immoaed Sldyalcilc children have deflde^ 

StheUght^y corpu. caltosum and by the absence of caUosally mediated 

SluSicrrf the teft hemisphere over the right hemisphere. Purthermore the 
toailateral pathways axe prewimed'to convey a movement pattern that 1« »Pat*aJy 
Idratical (raSer than a mirror image, as in normals) to that conveyed by the 
contralateral pathway fron the same hemisphere. 



Claditoiu «t «l. 



,231 



229 



LVT MOHT 



LVT MOHT 





omBoe MMjieT* 



ovtLme mmjTCTi 



ngun Sb. Diagram of dofldb in interhemltpheric coordination and anomalous ipsilateral influences 
during bimanual p««BnnaiM« by dydndca. See tvct for detailed explanation^ 

Figure 5b thus Indicates that unlike nonnal subjects, dyslexics should have greater 
<>™«>1^ with bidirectional (mlrroil bimanual movements than with unidirectional 
(parallel) movements. In the foimer situation, conflicting commands would airive at 
«wh hand firom the contralateral venus the ipsUateral pathwiQrs. This would lead to 
lefl>hand performance deficits in particular, resulting from conflict between the 
contralateral pathwqr from the nondomlnant right hemisphere to the left hand versus 
r^thway firom the dominant left hemisphere to the left hand. 
Unidirectional bimannal movements should be easier because each hand would receive 
spatially identical movement commands from its contralateral and ipsilateral 
pathways. 

Furthennore. the combination of poor interhemispherlc communication, anoma- 
lous ipsilateral representation and left hemisphere dominance for bimanual control 
(e.g.. Kreuter et al.. 1972; wyke, 197la. 197lb) could account for specific deficits in 
hand perfonnance espedaUy when btdtneOcmal (mirror) movements are required of 
dyslexics. This deviates finm the pattern that Prellowski's model would predict for 
nonnal sul^ects— poor I«/t-hand perfonnance under requirements for unidlrectUmal 
(parallel) bimanual movements (Figure 5a). 

The possibility of a parallel-movement preference in some subpopulations. as 
opposed to the more typical miiror-movement preference, is supported by a study of 
bimanual drwmg patterns m normal right- and left-handed children (Reed & Smith. 
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1961). Although moat children ehoM to dnw in rungs for two alde-by-aide "ladders* 
with simultaneous extensor (mirror) Aiomnents of the hands, a subset of the r4({ht- 
handers mstei^ produced simultaneous left-to-rtght movements (parallel). Thus, the 
nHxTor preferface does not appear to be universal, even in normal right-handed 
children. The proposal of ar malous ipsllateral representation of movement as an 
fnpl a n a H o n of either our findx^ or those of Reed and Smith is. of course, post-hoc and 
quite ^eeulathre. However, as rtlseussed earlier, no other exUith^ model can account 
for a paralld movement pwfam ue. The present hypothesis would need to be tested in 
chmcal populatkms known to have abnormal organisation of both callosal and 
pyiwnldal pathways, sudi as caDosal agencies. 

A nmnber of addlhwial (luettlona remain to be addressed in future research. For 
CTs mple. the aasunqitlon that the bimanual pattern seen among the Impaired readers is 
spedflc to that population, and not simply a phenomenon characteristic of general 
cerebral ttupaliment ahould be tested.' Also unanswered Is whether the obaervcJ bl- 
mii»uaal (bilateral) deficits reflect a general characteristic of interllmb coordination 
smong (lyaleiles. triUch might be found even for movements of ipsllateral llmbs.^ 
Systematic developmental studies of bimanual coordination would also be useful. 
Although the an^ytl* of covarlance attempted to detennme the effect of age on 
bimanual peifiBimance. the Issue would be more adtequately addr«^s^ through the 
inclu s i on of a younger control group. Our bimanual task prr;sumabty tapped 
mterhe jl^>herie coordination of firontal motor ftmctlons. It would be of Interest to 
assess for a n o m alous interfaemlspherlc coordination of cortical functions in other 
regions. noaQy. while this f ic demonstrates deficits among dyslexlcs on a task that 
presumiA»|y requires inter&unlq>herle interaction, the precise nig<»hantytn of the 
interhemispherlc tranafer anomaly remains to be determined. Recent research 
(Davldaon et sL. 1989 suggests that one such mechanism muy be a deficit m the timing 
of interhemispherlc transfer. The examination of the relation between 
mteihemlspherfe tranafer time and performance on the bimanual coordination task 
used tn this study would provide vahiabrs information on one poaalble mechanism for 
the lnfeerfaemiq»herie tranafer deficit 

There are also methodological Umltatlons in our design that nu^* warrant further 
stu4y. PoUowmg Predowksi (1972. 197S). we id predicted that dyslexics would have 
difficulty under bimanual conditi on s requlrMg different ratioa of hand movements. 
Becauae we had not expected that the dfivctton of hand movement would ahow group dlf- 
ferencea. we did not assess IUok nual movement in all directions. The condition omit- 
ted wM have required counterelockwlae movement of both hands, inclualon of this 
condition might fiir^' v dartfy the observed bias for para' 1 clockwise action of the 
hands. It shoukl be .Ued. however, that parallel counterelockwlae movements do not 
seem to pose a particular problem for dyalexlcs. given that several of them 
spontaneous^ produced such movements durmg reversals. A further design limltatlon 
was present m the NVP co ndffl o n , While the apparatua occhided the suttjects' view of the 
plotter screen, tt did aUow them to monitor their own hand movements vlaually. The 
eUmmatton of an V ual feecftaek m the NVP condition woull provide a more adequate 
control condition. 

In summaiy. our findings support the hypothesis that dyslexics manifest 
I nterman ual coordination defictts. The specific pattern of deficits that we foimd. 
however, was neither predicted nor previously reported. As a result, it la not readily 
e xpl a ine d by current models <tf mterhemispherlc collaboration. As an attempt to 
explain the oboerved pattern, we hypothealzed that d^exics may show both deflnlent 
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lnterhemlq)herlc procesMS and anomalous organization of the ipsUateral motor 
pathways. The novelty of the findings, however. Indicates the need for further research. 
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Expressive Microstructure in 
Music: A Preliminary Perceptual 
Assessment of Four Composers' 
"Pulses''* 



Bruno H. Repp 



AeeordiHg to c provoetHot (tewy $et forth by Mmfrtd Qyius, there art 
ampootr-opedfle eyeUe pttUrm of (umutated) nnuical mierootrueture that, when 
iUcovtrei and rttHzei h/ a performer, hdp to ghe the miuic U$ eharaeteristic 
expreaahe qudihf. Cfynee, rehfing nudnfy on hk own juigmeta as m experienced 
mu^dm, ha» derived nuh pereond "piOm' for uoend famoui composers by 
imposing tbno and amplUudt perturbations on tpmputer^ontntled perfOmumces 
<i nimk: and nudifying ihem wnm Ihey cmmg^ on some opting 

evnsahn. To conduct a preliminary test of the general musk lover's appreciation 
if suck "pidsed" performances, two sets of piano pieces by Beethooen, Haydn, 
hdourt, and Schubert, one in quadrupU and the other bt triple meter, wen 
selected for this study. Each piece was syntheslxed with each composer's pulse 
and also without any pulse. These different versions were presented in random 
order to lietners of varying mualeal sophistication for preference judgments 
relative to the unpubed version. There were reUabU changa in listeners' pulse 
preferences across deferent composers^ pieces, wMch affirms one essentia 
prereqiMie of Oynes^ Hmry. Moreover, in several instances the 'carreer pulse 
was preferr^ most, which suggests not only that these pulse patterns indeed 
eephtre composei-epedflc ifualitles, but also that listeners without extensive 
muakal experience can appreciate them. In other cases, however, listeners' 
preferences were not as expected, and possible causes for these deoietions are 
discussed. 



INTRODUCTION 



It is widel y agreed that . in the pexfonnance of notated music, partlculariy Western art 
music from the 18th and 19th centuries, literal reproduction of the written score does 
^anzl^Jt r^^*5l^ ecpenence. The notation, in its rl|{id subdivision of note 
vahies ud ito lack of dynamic inatructlona for individual notes, omtts many of the 
composer's intentions. To make the performance interesting, expressive, and 
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muslcalty satlsfymg, much variation not convqred by the written score must be 
introduced by the performer. This variation may be relatively small (but nevertheless 
important) with respect to timing of note onsets, relative note durations, and pitch, 
where the score makes specific prescriptions: it may be much larger with respect to 
relative note intersities and other aspects c£ articulation, where the notation provides 
few constraints. All this varlatloa constitutes the "exprentve microstructure" (Clynes. 
1983) of a performance. The principles musicians follow in generating this 
microstructure are not well understood and are (mly to a very limited d^ree made 
explicit In traditional music instruction. A great interpreter's skills may seem 
nqrstenous and bqfocd explanation. The pq^chotogy of musical eipression is still in its 
mfiuxy. but there is a rich lode waiting to be mined. 

Per f ormer s* eiqpresalve devices may be divided roughly into four categories according 
to their origin and motivation: 

(1) First, there are those variations that are contli^ent on k)cal musical events, such 
as the structure uf phraaea. the ahape of the mdodle line, and the haimonlc 
progression. These deviations emphaalie structural pr operties and thus help realize 
some cf the expressive potential inherent in a musical composition. They are relatively 
amenable to introopectlon. instruction, and wclmtifVc investigation, as they are likely 
to follow certain general rules that are observed, more or less, by all competent 
muskdans. They alao appfy to a wkle range of musk: by different composers. Progress 
towards undentanding these rules has been made by aeveral resesrchen (e.g.. 
Bengtsson A Oabrt elsa on . 1980: Clones. 1983: Qabridsson. Bengtsson. & Oabrielsson. 
1983: Shaffer. 1981: Shaffer. Clarke. & Todd. 1985: Sundberg. Frydta. & Askenfelt. 
1983: Sundbeig ft nydte. 1985: Todd. 1988). 

(2) Second, there are those aspects of expressive microstructure that reflect a 
performer's understanding of a composer's Individual characteristics as they are 
conveyed m his muainal oeuvre as a whole. These aspects ar - much more elusive and 
dIfBcutt to investigate, aa they aeem to be the province of trufy gifted kiteii^^ 
perfonnances have the "ring if authentkdty.* Nevertheless, one very mtrigumg attempt 
to uiiderstand these conqMSsrqMctffc prixic^iles of eiqtresstve mkar^^ 
madeCqynes. 1968. 1983. 1986. 1987). 

(3) Third, there are those deviatkms that reflect an MSutducd peifarmer'a style and. 
periiaps. m a nnmsms It is these characteristics that shape distinctive mterpretattons. 
and that enable the experienced listener to recognize certain artists frnn their 
performances. To a laige extent, they may reflect the spedfie use a perfonner makes of 
the rules mentkned under (1) and (2). but there may alao be genuine^ personal patterns 
of esq^reaakm. Thk: is uncharted terrltocy for the muale psyc^toglat 

(4) Finally, there are various piece-epeeifle facton whteh mi^ derive from notated 
dynamic instructfons. performance convenUons. explicit "programs." and also from 
motoric limitations In executing dUDcuIt passages. 

In general therofore. the eqwesatve microstructure of a mualcal perfonnuice reflects 
^^vl. composer-qwdfle. perfonner-spedfic. and piece-qMdfic fkctore. "^xt present 
Investlgatkm la concerned with coaly one of these foctors. the compoaer«8peclflc one. 
based on the theoiyofexpresslve microstructure devekq|)ed by qynes (1983. 1986). 

The idea that different co ci poaere have different personalities that are conveyed in 
their muste and thai need to be understood and expressed by peifonn:n la very dd. of 
roune: it is part of the general lore of music histocy. performance, and critleiam. Until 

recently, however, these coopoeer-spedfie dwrMteristics. espedaUy as they go beyond 
"g prtP to^ have eluded quantification. »*»*"*^"g the method of "accompaxwing 
movements* {Be^etOmuegungehi devetoped ty the Oennsn phllok)gist Eduard Sieven 
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(1924). the Oennan musicologist OusUnr Becking (1928) made an Interesting, though 
still «^ rough and introt^ecttve. attempt at more precise deacrlptlon observing his 
own movements as he conducted along while listening (more precisely, as he "let 
himself be conducted by the music"). He found characteristic movement trajectories of 
his co n d uct i n g index finger for music by different composers, wh<ch he interpreted as 
reflectlaosofthe composers' personality and general attitude to the worid. However, he 
did not relate theae dynamic patterns to pexfivnianoe microstructure. wbkh at the time 
was oaiy beginnlag to be measured objectively (e.g.. Hartmann. 1932: Seashore. 
1938/1967). It remained for Manfred C^mes. a noted inventor, neuroscientist. and 
musician, to achieve a more precise quantification of these dynamic characteristics, 
thus making them amenable to sdentiflc investlgatloa. 

OyneM' initial step, some two decades ago. consisted in ^>lng from movement to 
pressure, using a pressure-sensltlve recording (tevlce called the sentograph (Clynes. 
1969). At that time. Coynes asked seversl prominent ""«t«^trf (tadudti^ Pablo Casals 
and Rudolf Seildn) to v^onduct" by ihythmleaQy pnMng the aenttgraiA with their 
finger about once a second tdiile meittaQy reheualag qwdfie cooqMWttkns of several 
different cfl mp oa em . The resulting periodic, preaaure curves were averaged to yldd a 
smtfle "pulse* shape fbr each muatdan and each composition. It emoied that these 
pulse shapes wrce remaikab^ similar across several dlfltarent compoattlom (both skw 
and frMt) by the aame co mp ose f . and alao across diffiuent musicians «wi*gH*««g the 
asme piece. Ihey were very different for different composers, however. These rather 
Umlted but striking observations confirmed Becking's idea of composer-specific 
"pulses* that csn be externalised as movement patterns. 

The second mqMttant step taken by Clynes more recentlbr were his investigations 
into how these pulses might be coiweyed in the actual microstructure of music 
peifonnanee (Qynes. 1983. 1986. 1987). The centrsl assumption undef^ytt^ this effort 
is that composer'q)eciac pulaes are not restricted to peopte's musical thought and 
a cc om p anying movements, but that th^ can be physleaOy tnstanUabed in the musical 
sound pattern, with benefits for the listener. These pulses are defined as patterns of 
aystematie deviations fnm the notated relative durations^ and (usually un^edfied. 
hence nomlnaQy equal) relative kmdnesses of the notes wlthm a time unit (e.g.. one 
bat). Thu s the re are two indeprmdent componenta m eadi pulae pattern. According to 
Cfytm' tiwQiy. the pattern iq^dles tfanuj^hout a co mp o slU on; that is, it repeata ttsdf in 
a cyclical frMhlon (e.g.. bar by bar) tnm beginning to end. The motlvatkm for this 
requirement lies to earlier fcleaa of qynes (see Coynes A Walker. 1982) concerning "time 
fonn prtnttog": Recurctog tlme-anqditude patteraa are aaaumed to aet up "^pf^arwifff 
to the central r mis system for the patterns to conttoue. The pulse, despite its rigid 
recurrence, is assumed to imbue music with "living qualitlea* that spedficaQy reflect 
the composer's personaUty and that may alao enhance the expressiveness of bis 
charactenatle mehxUe contoura. C^ynea (1983) has likened the pulae to auch other 
individual motor characteiladcs aa gait, handjvrlting. and q)eech. As a personal "style 
of movement.* it is aaaumed to appty to an works of a composer. 

Rather than measuring the time-amplitude patterns of actual peifoimancea by great 
artists, qjmes has devsiloped composer-specific pulses by meana of computer ayitthesis. 
re^ytog maixsify on his own Judgment as an erceptionally aensitlve musidsn. He has 
developed softwan^ that enables him to enter a mualcal aeon into the conqmter and to 
spedQr a pattern of relative durations and intensities, which then determines the exact 
vahaes of th6 notes wtthto each time umt (chosen to coincide with a notated time unit 
doae to one aeeond to duration). Dependtog on tfae time stgnature of the composition, 
the time unite are dlvK* ,d into either three or four (aometlnies two) subunlte. with 
sepsTate correapondf pulse patterns. Notes lasting longer than one subunit are 
assigned the sum of tL4 component duratlona and the amplitude of the first component 
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they occupy.* The pulse is often also Implemented at a second, higher level with three 
or four tune units as subunlts. Tims, tat eaoonple. m s fast piece ta 3/4 measure, the 
basic 3*pulse would coaqirlse one bar and the higher-levd pulse (usually a 4-pulse. 
reflecting the phrase structure) would comprise four bars. In a slower piece in 3/4 
measure, on f ^ other hand, there would be a basic 4-pulse for the slzteenth-notes 
within each qu«irter-note and a higher-level 3-pulse comprlslojj one bar. 

By aq>enmenting with mrTy different compositions and pulses and by carefully 
listening to the results (see C^rwa. 1983). Coynes has arrived at what he constders 
spp foprl ate pulse i^)eclflcatlons for a number of fimious composers. Four of these-the 
Beethoven. Kqnbi. Mosart. and Schubert pulses sre iDustrated in Table 1. each in a 
quadruple-meter, a tuple-meter, and (if used in the present stu(ly) a duple-meter 
version. In each pulse ^ledflcatlon. the first line mdleates the relative durations (In 
percent) of successive notes (1 onset-to-onset intervids) of equal nominal durations, 
and the second line indicates their relative amplitudes (in linear proportion^. The 
duration and anqilttude conqionente do not follow the aame pattern; they are 
m d ffp f m dc nt pamneters. in the Beethoven 4-pulse. for exanq^ the nmk onler of the 
four beats is 4-1-3-2 m tenna of duration, but 1-3-4-2 m terms of anqtlltude. Tlie 4- 
pulse. 3-pulse. and 2-pulse patterns for the same composer are related (aeeqynes. 1987). 
For a detailed dfsciission of the characterlatlc features of these composers' 4-pu]8es and 
their Inteipretatlan in tenna of dynamic quaUtlea. aee Qynea (1983. pp. 134-135). 



TABU 1. Puiss ip«Moatora in quadruple, tripis. arri dgpis fflsiar for four oon^^ 

Hfw indlealts nMrn nois durations (Ls., ons«l<lo-ons«l intsrvals) In pMOwM; Am SMond Hna 

rtprassnis ralsikfs amplhJdss on a Insar soala. TlMso pulMS ars tiM ones aetusly 

pras«« malMlais (C^nss. pA); tfM tripis- malar puitss dlirw from ths pidlRMnary sp^^ 

Clynas (1983. 19M). Nets that trlpla^naltr tiiPina pulsas ara not normaOEMl, M 

changas rawjk. and tlwl al ampltuda pulsas result in vark)U8 dagisss of altanualion. 



CompoMr 


Quadrupis ms 


Isr 


TTIpIs mstar 


Dupla mstar 


BMthovm 


106 89 96 

1.00 0.39 0.(13 


Ml 
0.81 


105 88 107 
1.00 0.46 0.75 


(not used) 


Haydn 


108 94 97 
1.00 0.42 0.68 


102 
Ml 


108 96 103 
1.03 0.36 0.60 


100 97 
1.00 0.65 


Moowt 


108 95 108 
1.00 0.21 0.51 


95 
0.23 


106.8 102.8 97.5 
0.78 0.25 0.30 


100 100 
1.00 0.51 


8ohub«rt 


98 115 99 
1.00 0.65 0.40 


91 

0.78 


103 114 97J5 
0.92 0.45 0.72 


(not used) 



Clynes' pulse patterns reflect the mualcal Inalght and extensive efforts of one 
individual: they (juanUQr a suttfecttve eiq)erlence. It remains to be shown that the pulse 
pattanwdiosen genendlae to other listeners: perhaps they require en^^ 
•enrttlvtty to be appreciated at aU. and peiliaps they are entire^ idloayncratlc. At 
?S« i*S?*?^i!'^ recoidlnga accompaqjnng aome of hla publications (Clynea. 
^•B3^ 1985. 1987). Cqmea has preaented^nany examplea of muale ^nthealsed with 
appropriate compoaers* pulses, though their impresalons on listeners were never 
documented in a ft.fflal way. Some recent demonstrations (qynes. 1987) have mduded 
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the smne piece qmthealzed wtth several different composers' pulses, tncludlng the 
'comet* one. In the fkll of 1985. the author received such a demonstiatioQ tape from 
qynes c ont ai nin g the final movement of a Haydn Piano Sonata synthesized with six 
different composers' pulses. A small Infbnnal group of listeners agreed that the "Hi^dn 
pulse* version Indeed was the most pleasing of the lot. whertsas several other versions 
were perceived as ifcythmlcal^ Irregular and/or Inappropriately accented. That one set 
of ttoe-amplttude irregulsrlttes sounded "normal* wbOe others sounded uneven was 
an interesting experience: it suggested that even the average listener could appreciate 
the spprppriat^ eaqvesatve microstructure. However, it could have been that the Hi^ 
pulae was slmp^ perceptually more regular than the others on psychoacoustlc or 
general mualeal grounds, ff so. it might slso have been prefored If the piece had been by 
Mossit or Beethoven. For a rigorous test o£ the prediction that for eac*^ of aeveral 
composers* music, that composer's pulse should be perceived as more appropriate than 
any other composer's pulse, a set of balanced materials was required in which each 

coaqMsei's piece was perfbnned wtth eadi conq^osei'a pulse. Tlie author, iiot havi^ 
necessary qrntheais capabilities at the time, approached qynes. who agreed to generate 
two audi sets of matartels fior the experiments described below. 

The wperlmwits tested the following yiue prcdictior^ 

(1) Ustenerar prelfarences ibr individual pulses should vray as a function of composes 
That is. with co mp os er and pulse as orthogonal Car in the esperlmental design, a 
s t a il-rtlc al interaetiCA ahot Id be obtained. ConverM^. the null hypotheals was that 
whflesane pulses may be preferred over othere, these preferences would hold regardless 
of composer. R^ection of the nuU hypothesis would support the general claim <tf 
Clynes' theory that different oomposei s require different pulses. 

(2) For each com p oaei liateners should prefer the "correct" pulse over aU othen. This 

hypothesis ccncems the validity and generality of the spedflc pulse pattema deviaed by 
Clynea. 

(3) Uatenen ahould also prefe. the comet pulse over a literal rendition of the score 
that haa no pulse apphed to it Such "neutral* versions were Included in the present 
matenala. dynea' theory admits the posslblUty that other pulses besides the correct 
one are preferred over a neutral version, but It seems essential that the correct pulse be 
perceived as an im p rov e u i em over no pulae mt all. 

(4) The correct pulae should be preferxed in all compositions by the same composer. 
This hypothesis, which concerns the generality of the pulses across each composer's 
ocuvre. could be tested only to a very limited extent in the present experiments, due to 
the small 8anq>le of materials.^ 

(5) The degree to which listeners are d>le to appreciate the correct pulse and. more 
generally, eiqtressive microstructure in music, may be a function of their musical 
tadnmg and eqierlence with classical music. That la. the strongest support for Chmes' 
theoiy might come fiiom the most sophisticated llstenen. though the responses of less 
eq)enenced subjects were also of interest in this study. 



EXPERIMENT 1 

Expoiment 1 used a set of pieces with even (2/4) time sltfoature. to which Clynes' 4- 
Pjjses (and 2-pulses) had been applied. The expertaaent was conducted m two versions. 

?• ^* " ^ inttialty assumed that the performances with the 

comer pulse should be the most satiating on general musical grounda: thus, the 

sul^eets in Qq)erlDaent la were instructed to indicate simpty how much they liked each 
versipn. It was later pointed out to the author by Coynes (personal communlccUiOn) that 
the comet pulse msy not always be the most pleasing one. especial^ to the less 
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eacper laaeed Utener. for example, the rough Beethoven pulae may be leas pretty than the 
geotte Higrdn pu]M when tppUed to a Beethoven place, but tt neve^^ 
the c o n a p oa er better. Some data collected lndependent]^ylyThonq)aoo^ 
wsne of the same materials (the Beethoven piece) relnforee this point. Therefore, the 
experiment was repeated with modified Instructions that emphasized composer- 
appropriate eiq;>ressU>n as the criterion for subjects' Jud^ents (Experiment lb). In 
addttlon, the quality of sound reproduction was improved in that experim ent. 

Methods 

SMDJCOI 

BqefimeaA la. Sixteen ux4>akl vohmteers (7 women and 0 meii. iDchidlng tt^ 
served as listeners.* All were Investlgatora or graduate students in psychology or related 
areas at HasUna Laboratorlrs or Yale Unlverstty. mostl^r 25^5 years old. though two 
were m their liartiea. Most of them had received a musical education, and the nu^orlty 
were active amateur imwiHua maa/er tfmnt mttt*t f*m» Um^*ryg «« «>i^ff<i»itl nf*^ ^ 

few muaicaQy leas e^erienoed subfeets were labhided to cxte^ 
of correlational anal^fsea. AoconUi^ to a queatloanaire filled out by the sul:r|eeta at the 
end of the experiment, they had had between C and 25 years (summed over all 
instruments) of formal matructlon on varloua matruments (Including piano, violin, 
cdlo. £jltar. aajBophone. and voice), spent between 0 and 23 hotirs a week pliylng their 
instiumenta.andllslenedt0 8erlou8muslcOtolSho iperweek. 

^*99*laumt lb. Thirteen difiisrent subjects participated here; their age and gender 
were not reouded. Four were CwuUy members at TMnUy College (Hartford. CI): most of 
^eothers were undeifraduate atudenta enrolled tn a muaic course there: one was a 
researcfatf at HaaUna Labomiorlea. They Included a prottsslonal pianist, a composer, 
an accomplished organist sweral musical amateurs, and a few musically naive 
mdMduala. According to the questionnaire, th^ had had between 0 and 23 years of 

fonnal i»ualcal instruction played their instruments finmO to 14 hours per week, and 
listened to classical musk: between 0 and 45 (0 hours per week. 

Matczlali 

Pour piano compoaltlons. one eadi by Beethwrsn, Haydn. Mozart, and Schubert were 
selected by the author. AU were In 2/4 time signature and had a &st tempo, except for 
the Schubert, which was both longer and slower than the other pieces. They were: 

Beethoven: laat movement (Presto) of the Piano SonaU In F malor. op.lO. No. 2 
(complete, without repeats): 

Hsydm last movement (Presto) of the Piano Sonata in F major. HV XVI/23 (comolcte. 
without repeata): 

Mozart: exposition (Le.. the first part) of the last movement (AUegro) of the Piano 
Sonata In Cmiyor.K. 279 (without repeat): 

Muaical No. 4 (Moderate) In c-sharp minor, op. 64. D. 780 
(conq;>lete, without repeata: the contrasting middle section Is In D-flat major). 

The Initial bars of theaepiecea are ahown In Figure 1. 

,-^^5**" peilionnancea were generated by Manfired Clynea at the Music Research 
in^tute of the New South Walea State Conservatorlum of Music In Sydney. Australia. 

«aM^ ncorded enmpkr (e.g.. C^mea. 1983). included all the nctea. not Just the 
md<K<y. Ea<^ piece was reconted on caasette tape n»lth Pony B noise reduction 
vuuwwtthout any pulse (the "neuuaT version) and with each of the four composers' 
pulses. Tlie pulse patteraa used are ahown in TW)le 1. They were nppUed attwo 



ERIC 



HI 



Rtpp 



211 



hierarchical levels, the lower (main) level comprlalng four sixteenth-notes and the 
higher level cnnq>rlsing two or four quaiter-notes (Le., one or two bars). In a number of 
instances, an 'attenuation factor" was appliisd to the timing pattern at the higher level, 
which changed the depth of modulation while keeping the specified relationships 
constant." The pulses applied, together with these attenuation factors, are shown in 
Table 2. The choice of attenuation factors reflects Clynes' artistic Judgment. In 
addition, a few manual ad|ustmentB (such as appropriate rttardandos and micropauses) 
PMKieby Cljmes to enhance the general musical quality of the peifonnances: these 
were common to all versions, including the neutral one. 



Beethoven 




Flgan t. Iidtid bm of tiw fbur ptooM uMd in Expniment 1. 
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TAILI 2. Hlsrwchioai puIm patterns (sm TaUt 1) and attanuation 
faotora for ttia timino pulaaa uaad in aynthaalzing tha piaeaa of 
Exparfananl 1 (Clynoa. p.a). 



Compoaar 



Lowar laval 



HIghar laval 



Baathovan 



4-puiaa(1.1) 
2iMiita (1.0) 
2-pulM(1.0) 
4iiulsa (1.0) 



4^lsa (0.6) 
4-pulaa(1.0) 
4iwlaa(1.0) 
4-pulaa (0.15) 



Haydn 
Maart 



The Mocaxt and Schubert pieces were reproduced on a Roland BiIKS>20 piano sound 
module, the Beethoven on a Prophet 2000 ^ntheslser with an 'eai^ 19th centuxy 
planolbrte* aound.7 Since the Haydn piece was ah«M|f availa^ 
Upe mentioned m the introduction, ft waa not reqmtheslaed 1^ Clynea. smce 
caaqmteivfenerated a tou aotda were used In its synthesis. It had a more artificial sound 
quality: on the other hand, alnce it waa free from the envelope coostrainta of a 
simulated piano, it Included "predictive amplitude ahaplng* (aee C^es. 1983) of 
individual tones in an veralons. Unfortunately, the demonstration tape did not include 
a "neutral** version of the Haydn, but versions with two other compoaers* pulses 
instead: so the version with the Schumann pulse waa substituted for the neutral 
version. 

An «if>f i iiiie nia l tape was generated by dubbing from the master tape. The order of 
the four pieces was: Haydn. Mosart Schubert Beethoven. The five versioas of each piece 
occuiret (n aucceaalon. aeparated by approximately 10 aeconds of silence. The first 
version m ahvays the neutral veralon. and the four pulaed versions followed, in an 
oitter thai waa dlfiierent fior eadi piece and rqireaemed a 4 X 4 Utln atiuaie de^ga 



XapartflMBt la. Some autilecta were tested at Haaldna Laboratories, others at Yale 
Untveratty. The subfects were seated in a quiet room and listened to the music over a 
single loudspeaker connected to a hlgh>quallty caaaette deck (at Haaklna) or over the 
stereo toudspeakeis of a portable caaaette recorder (at Yale). Each aubject received 
detailed written Instructioas. including the fi>llowlng: 

You win hear a nuniber of abort piano pieces reproduced by a synthesiser. 
Bach of these pieces win be played in five versions. The first, "neutral" version 
win be an almost literal rendition of the acore. with only a few essential 
deviatlona finm the written notatiort The four aubaequent versions will include 
cddltional at^ustmenta in the timing and relative loudneas of the individual 
notea. Each version will follow a different pattern, and some versions may be 
more successful than others. That la, while some versions may sound more 
Uuely, exfnsstve, and tdkmaOc than the neutral version, others may sound 
^Ight^ distorted in rtqrthm and accent pattern. (One way of thinking about 
theae verslona is that ttuy represent petfonnancea by four dlfiierent pianists of 
equal techmeal competence but dlfiierent mualcal aenslbflitiea.) Your task win 
be to indicate whether or not each particular version coiasututes an 
improvement ov«r the neutral vertfoa 

Yourjudgmentssretobemadeonan ll-polntncU«v«caIeraQglng&om-5to 
5. The iwutral version of any piece la identified with the midpoint (zero) on this 
scale, so you dont have to give any rating after heartog this first version. For 
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each of the following four version*, you should enter your rating of that version, 
ctzcimg one number on the rating scale. Please, make your Judgment rdaOve to 
the rmttnd version: Assign a positive rating if you pr^er the version just heard 
over the neutral version (because It seems more lively, expressive, and 
Id i om a t i c ) and a negative rating If you prefer the neutral version over it (because 
ft seems iRcgular. distorted, and unldlomatlc). 

The answer sheet fflustnted the rating scale axid listed the numbera -5 through +5 for 
each version, one of which the sub|ects were to circle. For the neutral version, the 
subjects were to indicate instead thetr fieunlllartty with the piece by circling "very.* 
"moderately." "barely.' or "not at aU." The composer of each piece was named on the 
answer sheet The whole session lasted about one hour. 

»Kp stimtnt lb. One possible concern with B]q)erlment la (Ctynes. personal 
communication) was that the sound rsproductlon equipment was not optimal- in 
particular, the portable recorder used at Yale did not have the Dolby B option. vrhiOi 
distorted the smplltude profiles of the pulses, in Bxpertment lb. the Upes were played 
with Dolby B noise reduction, either at TYlnity College or on the sublect's home stereo 
equ ip men t . More importantly, there was a change ta instructions, as follows: 

While some veralons may sound ejqpreaatve *i a way that seems to the 
composer, othera may sound less convincing or even ridiculous. (...) Your task 
wmbeto mdlcate vdiether or not each particular version constitutes an 
improvement over the neutral version tn that it captures some of the compc 
characteristic eiqnesslonr-that is. whether each version sounds more oi j 
"Beethovenian" or "Haydnian" or "Mozartlan" or "Schubertlan" than the 
neutral version. 

Results and Discussion 

Experiment la 

One imtlal question was whether the subjects would be able to make consistent 
Jud^nents at aH Not nnty were they not professional musicians, but also musical tastes 
are often saki to be highly variable and idtoqmcratlc. The st)%tistk»l analysis dispelled 
these fesn. In a repeated-measures analysis of variance (ANOVA) on the sublects' 
ratings with two crossed ticton, composer and pulse, the mam effect of pulse was 
higly significant. TO,46) - 10.09. p < .0001. whk>h Indkates that there were consistent 
preferences for certam pulses over othera. Moreover, and much more importantly, 
there was a ^gmfkant composer by pulse interaction. P{9. 138) - 4.43. p < .0001. Thus 
!r preferences varied reliably with composen (pieces), which support! 

the first of the five predlctkms made in the tatroductton There was no significant mam 
effect of composer. 

represented m Table 3. with the italicized numbera to the 
^onal representing the "correct* composer-pulse combinations. It is evident that to 
tm»eof the four pieces (Haydn. Mocart. Schubert) the correct pulse was Indeed the one 
g*flBrred moot although to th« Mosart piece the Moeart and Haydn pulses were tied. 
Moreover, to eadi of these three cases the correct pulse received positive rattott that 
clMTly exceeded the neutral baseline (subjecto tended to be conservative to their 
HSit-M I*^ hetma -3 and +3). although this difference is not 

meanto^ilta the case of the i!aydn piece, ^ose "neutral" version really had an 

f^^^JXS^?^¥^^ ^ P«**P« ««beexplalned l?y 

the somewhat Haydn-like quality of that movement-Clynes. personal 
communication), whereas the Beethoven pulse received a negative average rating. Thus 
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in three out of four cases the results provide support for predictions 2 and 3* which 
concern the sdequa^ of the composers* pulses. 



TABLE S. Avsrags ratings of ths computsr psrformancat in 
Expsrimsnt la. 



Composer 




Puis* 






Boothi /on 


Haydn 


Moiart 


Sehubort 


Baothovon 


-1.13 


2.28 


-1.13 


•0.13 


" — ■ - 
1 ■ywi 


0.06 


1.69 


0.69 


•0.69 


MDZan 


0.38 


1.86 




•0.^ 




-0.2S 


1.19 


•0.38 


1.94 



A look down the cdunins of Table 3 reveals that the Beethoven pulse was not Uked 

much in any piece, whereas the Haydn j ilse was liked In all compositions. Listeners* 

Judgments of the Beethoven and Haydn pulses thus did not seem to vary much across 

conqMsttions. This was conOmied ^ conducting an ANOVA on these two pulses onliy: 

Ihe pulse main effect was hlghty significant. Jtl.15) « 28.73. p » .0001. *nntr»^^g that 

the Haydn pulse was preferred otver the Beethoven pulse, but the co mp oaei- by pulse 

Interaction fdl short of wlgnlflrance. Thus It could be txsaed that Ustenera* preference 

to the Haydn pulse in the Haydn piece was due to a general prefinm. not to c(x^^ 
specific factors. 

The sttuatlon was uiiTerent for the Moaart and Schubert pulses, however. Although 
the Mosart pulse was tied with the Haydn pulse as the preferred pulse for the Mozart 
piece. It was Uked better m the Mosart than m any other piece. Even more stnidng^. 
the wo^tibert pulse was Uked only tn the Schubert, bdag vemty dlsUked with all other 
compose.^. The reUablUty of this Interaction was confirmed In an ANOVA on this half 
of the data: There were no sig n i fi ca nt mam efilects. but a significant composer by pulse 
interaction was obtained. Ft3.45) - 6.90. p - .0006. This part of the data, therefore, 
provides unequivocal support for qynes' Mozaxt and Schubert pulse patterns, as well 
as for the present sutttects' ablUty to appreciate them 

The data were analb^od ia yet another way. by first averaging the ratings of the three 
incorrect ptilsea for each piece and then entering the data into a 4 x 2 ANOVA with 
composer and coneet/incorrect pulse as factors. There was a laigntfV^Tit effect of 
pulse. Ftl.15) m 10.96. p « .0048. which confirms that, overafl. correct pulses received 
hljhw ratlnga than incorrect pulaea. However, since this was not tnie In the Beeto 
^^^r^ was also a hlgh^ mg n lfl cant composer by pulse Interaction, f(d.45) « 9.43. p 
■ .0001. In a separate analysis of the correct pulse ratings only, the giand mean was 
s ig n i ficant ^ larger than sero. m,l5) - 8.67. p « .0101. which confirms that, overall, 
correct pulaea were p re f erred over no pulse at an. again with the exception of the 
Beethoven, wfaksh resulted to a sig nific a nt effect of composer. TO.48) « 8.64. p « .0001. 

Prediction 4 (generality of pulses) could not be addressed withto the present 
eqwrtarat. since onty a aingle piece of each composer was used. (However, efootnote 
4.J inerefiore. we turn to . prediction 5, concerning the role of subjects' musical 
eperlence. As pointed out eariler. the sixteen subjeete represented a rather wide rantfe 
Of mualeal experience, with onfy the professional level missing. For each subject a 
m«isme of the degree to which he or she appreciated the conect pulses (a -pulse 
appreciation indeiT or PAI) was computed by subtracting the average rating of the 12 



incorrect compoaer-pulse combinations firom the average .atlng of the 4 correct 
c rm hl na t lo n a. (Thirteen of the tlxteen sutiJecta had poatttve Indicea.) Three indices of 
musical aq)erienoe were awaHable: number of years of musical education, added up over 
aU lP9trummts studied: number (rf* hours spent playing music per week: 
hours spent listening psaslvely to serious music. CorreUtlons were computed between 
an three neasures and the PAI. The first and third measures did not conelate at an 
with the PAI.* whereas the second (active playing hours) showed a smaU positive 
correlation (r • 0.3Q) that, however. feU short of slgntflcaiice. thus there was only a 
hint that listeners with grt^tei- Mtive mrslcal experience might show greater 
appreciation for ccraposers' pulses. 

Two subsidiary questions were addressed in similar correlational anaj^yses. First, it 
was noted that aoiaie subfects gave, mostly positive ratings. whUe others gave mo^ 
negative ratings. A svbtJH:t's owerall average ratmg is an Ir Vrxr. measure of the extent 
to which he or she liixd the neutral version, relative to the pulsed versions. The 
correlations between <:b|ects* average ratings and the three measures of musical 
experience were mild;y negative vid nonsignificant. If muslcaUy more eiqptnenced 
sul^ects liked the ne utral version somewhat more than did muslcaUy inexperienced 
std^ects. a reason for this nur have been that the mora aoph^sticated aub|ects expected 
too aiudi fitom the pulf^^:. versions as "pexfonnances.' This point wffl be t^^ 
general ('ivnissloa. Second, a iiunillariiy mdex was computed for each sublect by 
aversginb Iiis or her fiunlUanty ratings f» the four pieces (veiy - 3. moderatrfy ■ 2. 
barety ■ 1. not at att ■ 0). On the whole, the sub{ects ivere not veiy Cunfllar with the 
pieces: Twehre subjects had atverage ratings of 1 or leas, and only two subjects (the 
au. .or being one) were r.t least moderatetyfiunfliar with an of them. No piece was much 
more fiuniliar than the others. The correlation between the famniulty index ar>d the 
PAI wa s -0.06. indicating that fiunlllarlty did not increase the appreciation of the 
conect pulses. 

Exptsimtaklb 

Bq>eriment lb. it wiU be recaUed. presented the same test *o a comparable group of 
subjects with new instructions that emphasized composer^sp^ctQc expiession. and with 
Dotty B sound reproduction. It Is clear firom Table 4. however, that these combined 
change^ did not :ead to results that were more fkvorable to Clynes' theon^-on the 
contrary. In the Beethoven piece, the Beethoven pulse was disliked even mote than 
ivevlous^. in striking contrast to findings of Thompson (submitted), which showed a 
preference for the Beethoven pulse in the very same materials under similar 
instructions, (The reason for this discrepancy is not dear.) The Hqrdn pulse, which 
listeners had Uked in Eapertment la. was not preferred si^iiflcanUy over the neutral 
version, though it atm came out on top. In the Haydn piece, the previous pieference for 
tte ^tvpropriate pulse was no kmger evident, and the liateners ahowed a pieference for 



took down the cdum-n of Table 4 is onty slightly more encouraging. At least it 
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TABLE 4. Av«rao* rttlngt of tha eomputtr pcrtormancM In 
CxpirifiMfit lb* 



Cempotar 




Pulaa 


1 

1 




Baaihovan 


Haydn 


Mozart 


Schubart 


BMthovan 


•3.08 


0.15 


•1.31 


•1.69 


HiVdn 


1.62 


0.18 


OM 


0.08 


Mozart 


0.08 


1.54 


0.82 


•0.46 


Schubart 


•0.31 


0.69 


0.00 


0.77 



The daU were also less conslctent in this experiment. The ANOVA showed a 
muffiaaSfy algntflrsnt main efSsct of pulae, F(3.36} 3.07. p - 0.0399. due to a general 
pretierence Sot the Haydn pulae. and a maxiginal^ ■«gntf>«»»ftf composer by pulse 
interKtion,ft9.10e) 1.97. p ■ 0.0492. In contrast to laqperiment la. there was a highly 
aigntflcant main effect of composer. F(3.3e) 7.16. p « 0.0007. vAUeh reflected the 
«trongIy negative ratings for the Beethoven piece. Moreover, correlational ana^ses of 
average ratingB and individual PAI values (B positive. 8 negMlve) in relation to indices 
of musical experience and familiarity ratings revealed not a single significant 
correlation. Thus, the more experlenoed Ustenen did not give responses that were more 
in confinmlty with Qynes' theoy. At the same t'lne. the present group of subjects gave 
higher familiarly ratings than that of Experiment la. so the results cannot be 
attributed to general inexperience. 

In summsiy. this experiment showed that instructioc? to rate the composer>speclflc 
e xpress ive quaUty of the computer performancea did not Increase subjects' 
appreciation of composers' pulaes. If anything, reaponses were more variable, which 
ftutf eats that the Instructions proved conflismg. While It is relatively easy to actress a 
simple preferencf for one or another perfonnance. It is much more difiBcult (and 
periMps presumt,(.w:ous) to make Judgments about tht "Beethovenlan" or "Mosartlan* 
quality of expression. The sul^ects may have felt that they should not trust their 
immediate response to each performance, but th^ apparently had no consistent 
crttexla for composer>specifio (jualitles of expression. 



BXPERr.lENT2 



Eyerlment 1 had used a somewhat heterogeneous sti -/materials. Experiment 2 used 
a different, more controUed set of pieces. aU Minuet movements from piano sonatas by 
the same four co- ^posere. selected by the author. Each movement had three sections- 
Minuet. TOO (or second Minuet), and repeat of the Minuet. Each section had a two-part 
structure, each part typically comprisinf^ 8 ban. In several ways, this choice of 
materiatoprovlded a rather extreme test of subjects' abulty to appreciate composere* 

pulses. First, the basic meter was 3/4. so a 3-pulse waa used for at least one level of the 
pulse hierareby (the higher level, becauae of the moderately slow tempo of Minuets), 
ihree-pulses have one degree of freedom less than 4-pulses and therefore are less 
2^12" in differentiating individual composen (qynes. 1987). Second, the Minuet is a 
tndiuonal dance form and thus not only imposes some constraints on the expression 
of a composers individual characteriatics. but also may require sn additional "Minuet 
P"^ ™ waa not implemented in the preaent materlala (Chmes. personal 
communication). Third, the pieces were aU similar in structure, tempo, duration, key 
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zignature. and sound quality. FlnaUy. Judging from Clynes' pubUcaUons. the 
mlcrostructure of the 3-pulaes may not be as confident^ esUbllshed as that of the 4- 
pulses. 

Experiment 2 was conducted In three versions, referred to as 2a. 2b. and 2c. 
mcperlment 2a took advantage of the posslblUty that the TMo (or second Minuet), whose 
character was general^ quite different from that of the (first) Minuet, could be 
considered as asepante composition. By conductli« separate tests for Minuet and Ttlo. 
Experiment 2a examined whether the same pulse preference would be obtained for 
these different parU and thus tested the hypothesis (prediction 4 In the intioducUon) 
that a composer's pulse should appfy to aU of his music. (For some qualificatlor > of 
that Iqrpothesls, see below.) In addition, the Minuet test was repeated to assess the 
reliability of subfects' Judgments and possible effects of test sequence. Ihe Instructions 
were the same as In Experiment la. To counter possible objections a^dnst the 
separation of Minuet and Ttto from a musical (rather than methodological) perq)ectlve 
(Coynes, personal co mmun ica t ion). E^qieriment 2b replicated Experftnent 2a using the 
Integral SonaU movements as well as (In part) Improved sound reproduction and 
" wdl fle d Instructions. Eq)enment 2c. final^. was a replication of Experiment 2b using 
amended versions of two pieces, fiurther imprsvements In sound reproduction, and the 
instructions of Experiment lb. 

Methods 

Sul^ 

Bxpsrlmeat aa. 'I>vehw subjects (4 women. 8 men) participated in this experiment. 
Eight of them (including the author), all with musical expertsnce. were also subjects in 
E«P«*neotla (which, chronologtcnlly. followed Bq>eriment 2a). The other four 
subjects were two proficient amatem musicians (French horn, trumpet) and two 
rdatArely Inexperienced individuals, all graduate students Ok young researchers. In this 
sul^ect group, years of musical education ranged from 0 to 25. active pli^mg hours from 
0 to 11 . and passive listening hours finm 1 to 20. In addition, four professional pianists 
were tested. Three of them (one woman, two men) were young performers and teachers 
residing in New Haven: the fourth was an experienced, middle-aged, female olano 
instructor at a local music school. 

BspsTitteat 25. Five of the most reliable amateur subjects participated here, all of 
whom had been subfects In Ejqpenment 2a. 

^9«Jmsat ao. Eleven of the subjects of Experiment lb. plus thiee new subjects from 
Trinity College, participated here. * 

MalczlaU 

Hi e four pieces selected by the author were Minuet movements from piano sonatas by 
Beethcven. Haydn. Mozart, and Schubert. Thus they were all of similar form, duratloa 
and tune algnature (3/4). and they even had similar Icey signatures, although this was 
an irrelevant fiMXt Specifically, they wer«: ^ wug. uuswas 

BMthoven: Menuetto (Moderate e grazloso) from the SonaU in E-flat major, op. 31. 
Na 3 (with IWo m the same key and a Coda after the repeat of the Minuet): 

.JISS** ***°"5^ t«npo motion) from the jy»nata In E-flat major. HV XVI/28 
(with TMo in e-flat minor): 

* iJ?^'*' (Allegretto) in B-flat major from the Sonata in E-flat major. K. 282 

(with Menuetto n in E-flat miyor): 

Schubert: Menuetto (Allegretto) from the Sonata In E-flat major, op. 122. 568 (with 
Trio In A-flat m^or). 
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The initial ban of the Minuets and Trios (or seccmd Minuet in the Mozart) are shown 
inFlgunS. 

DcelhovM 

MENUETTO 




FigttwX Initial but of both put* of th* piwet uMd in Expvimmt 2. 
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Moxttrt 

MENUETTO I 
Allegretto 





Schubert 



MENUBTTO 
All«|ietto 




tipm 2 continued. 

Pif^ generated at the author's request by Clyncs in Sydney with Roland 

(wtth Dolby B) in a neutral version and In four pulsed versions. The pulses used and 
their attenuation fSictors ar^ shown in Table 5. It shouli be noted that although a 3- 
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pulse (see Table 1) was employed at the higher level (comprising the three quarter-notes 
within a bai), a 4-pulse was used at the lower 'evel (sixteenth-notes). (For the treatment 
of tr^dets, see Ctynes, 1987, p. 214.) Thus the lower-level pulses were largdy the same as 
lnEiq)erlment 1, though there were Car fewer notes at that level In the present Minuets. 



TABLE 8. Hisrarehical pults patterns (see TaMs 1) and attenuation 
factors for the timing puisea used in ayntheaizing the piacea of 
Exparimanl2 (dynee* p^a). 



Composer 


Lower level 


Higher level 


Baethoven 


Fbur-pulaa(I.O) 


Three-puiaa (0.5) 


Haydn 


F6ur*pulaa(1.0) 


Three-pulaa(I.O) 


Mozwt 


F6ur-pulaa(1.0) 


Three pulaa (0.75) 


Schubart 


Four-pulaa(l.l) 


Three-pulaa(l.l) 



Fwctd ur t 

BxpeiliiMiit aa. The e3q)ertmental tape contained three testa, each structured like the 
aln^ test In Experiment 1. The first teat contained caafy the Mlnueta. the aecond the 
TYlos (or second Minuet), and the third the Minuets again (Identical eiocept m the caae of 
the Beethoven, where the Coda was included). Bach test had a different order of 
conqMsers and a different order of vexalons for each piece, fiidlowlng a different Latin 
sfiuare dealgn in each test As In Expcatlment 1, the neutral version alwqrs preceded the 
four pulsed versions. Instructions and answer aheeta were the same as in Eaqpcrlment 
la, with only minor changes reflecting the different materials. The procedures were 
also the same. The nonprofessional subjects were tested at Haaklns and Yale using a 
portable stereo cassette recorder without Dolby B. Three professional pianists were 
tested m a studio or In their home using the same equipment: the fourth uaed her home 
stereo system. The repeat of the Minuet test was omitted far the professionals ji view of 
their busy schedule. 

Bapeftmeat 2b. Here a alible teat waa t. uplcyed. using a new Latin square design. 
Bach presentation of each piece was to consist of Minuet, m (or second Minuet), and 
repeat of the Minuet (plus Coda in the Beethoven). The Beethoven and Haydn were 
available in this Int^al form on the master Upe. For the Mozart and Schubert, 
however, the master tiq;>e omitted the Minuet A.peat. In a first version of the test tape, 
the plecea were played in this form, that is, without the Minuet repeat in the Mosait and 
Sch . ibert. uainrf a portable cassette recorder without Dolby B and the saise Instructions 
as in lExperiment 9a. Subsequently, beca f « predaely the Mozart and Schubert pieces 
did not yield the predicted results, a new test tape waa created in which the Minuet 
repeata oT the Mozart and Schubert were dubbed in fixni the master tape. That second 
version waa presented to the same auttlects a few months later ualng a different portable 
stereo cassette recorder with Dolhy B and attached mlni-foudspeaken. (One sub|ect 
Ustened at home using his stereo equipment, with Dolby B.) The instructions were 
modified somewhat in the direction of those employed in Experiment lb by omitting 
the term "lively* and emphasising the term 'idiomatic* (defined expUcltly as 
'expressive in a way appropriate for that composer"). 

Bxpailmaat 2e. A new test tape was created with the aame test sequence as in 
Eq>erlment ab. but with newfy recorded versions of the Mosart and Schubert pieces 
ftumlshed by Coynes, which avoided some amplitude distortions that had occurred in 
the earlier versions due to a nonlinear reqxmae dth/i sound module at high «T.fenffltlf# 
(qjmea. personal oommumcatlon). The Upes were played back on equipment at Ttimty 
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CoDege wtth Ddby B. Hie Instructiona were those of Eaqierlment lb. which emphasized 
the criterion of "compoaer-approprlatexiess.* 

Results and Discussion 

Fxperimeikl2a 

Ihe overall repeated-measures ANOVA In this experiment Included not only 
composer and pube as fiBctors but also test (Minuet Tclo. Mlnuf*' As in Experiment la. 
there was a hlgtaJy s lg ntfipanfr main efliect of pulse. fl3.33) « 13.46. p <.0001. <nrfi/.a»tng 
that some pulses were general^ preferred over others. In addition, thers was a highly 
si g nificant composer by pulse Interaction, f(9.99) « 5.64. p < .0001. which shows that 
pulse preferences changed reliably with composer, as In Experiment la. Thus. 

prediction 1 was again upheld, even ibr pulse patterns that were less differentiated and 
operated on similar time scales. There was also a marginally mgnrffa^imt ^n^ in effect of 
composer. AS,33) « 3.1S. p « .0377. and a significant composer by test Interaction. 
Ft6.66) « 6.75. p < .0001: both are of lltUe interest bnportant)^. however, the triple 
interaction was hl^ significant. i>tl8.198) » 3.82. p < .0001. suggesting that pulse 
preferences changed not only with composer, but also between Minuets and Trios. 

Since this last Interaction may also have reflected. In part, a change In Judgments 
between the two present atlfns of the Minuet a sepante taaafyttB was conducted on the 
Minuet data onfy. Significant efiecto Included the main effects of both cooqMoer and 
pulse, as wen as the crucial compoaerby pulse interaction. F19.99) « 5.26. p< .0001. 1%st 
had no main eF%t interacted oofy wtaJsfy wtth composer, and engaged tax a tuple 
interaction that feU Just short of significance. F(9.90) » 1.96. p « .0515. It may be 
cmiduded. therefore, that the pulse preference pattern did not change substantially 
between the two presenta t ions of the Minuets. Since the two Minuet tesU followed 
different Utln square designs, this result alao means that there were no obvious 
artifacts of test order. Ihese conclusions were further supported by a significant 
correlation (r « 0.74. p < .01) between the average rattags for the 16 pu^ versions m 
the two Minuet tests, which gives some indication of the reliability of the Judfflnents of 
the sub]ect group as a whole. Considering that there was only a single Judgment per 
stimulus and subject the reliability Is (julte satls&ctoiy. 

A separate analysis of the Trir data revealed, besides a pulse main effect a 
significant composer by pulse Interaction. Fi9.99) « 5.36. p < .0001. This interaction 
Oms held for both Minuet and TYlo separately and combined . but its precise pattern was 
different for the two. This was confirmed by low and nonsl^ilficant correlations 
between the average Trta ratngs and the first and second Minuet ratings, respectively (r 
■ 0.18 and 0.32). 

The response patterns may oe examined to Table 6. It is evident that prediction 2. 
that the correct pulses would receive the highest ratings, was not weU supported by the 
present results. Only the Beethoven pulse "worked", both to the Beethoven Mtouet and 
^ SlI^' ^P'^w^^fly. It was precise^ the Beethoven pulse that caused problems 
to Qqtenoient l: note the differences to meter and tempo, however.) In none of the other 
piecesdld the correct pulse come out first or even receive veiy positive ratings. Some 
dear prtferraces for fnoonneet pulses emerged to the Haydn IVlo (Mozart pulae) and the 

Mocart TVio (Haydn pulse). Some strltdng dislikes must also be noted, especially for the 
Monrt pulse to the Beethoven Mtouet and to the Schubert Trio, and for the Schubert 
pulse to the Haydn and Moeatt Mtouets. At least, no strong dislikes occurred for correct 
pulses axQfwhere. 
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TABLI 6. Av«r«g« ratings of ths oomputsr psrformnncst in 
ExiMrimMl 2» (12 nonproteMional subjiete). 



■••thovtn Haydn Mozart Sohubart 









MNUET 




BMthovtn 


1.33 


0.75 


•3.25 


•1.42 


Haydn 


0.S8 


■0.08 


0.25 


•2^ 


Mozart 


0.58 


0.17 


0.17 


•1.33 


Schubart 


1.50 


1.42 


1.08 


0.7S 








mo 




BMthovan 


2.33 


0.33 


0.92 


0.08 


Haydn 


•1.00 


0.42 


1.83 


^.83 


Mazart 


0.17 


1.42 


■0.50 


•1.08 


Sohubait 


1.17 


1.17 


•1.67 


•1.08 






MMUET (REPEAT) 




Baathovan 


1.33 


•0.42 


•1.75 


•0.42 


Haydn 


1.25 


0£8 


0.33 


•1.33 


Mazart 


•0.83 


0.33 


ao8 


•1.83 


Schubart 


0.75 


1.42 


0.83 


-0.42 



The patterns described above were all algnlflcant when tested for each composer 
separately: The pulse main effects were signtftcant in each case, and the pulse by test 
interaction was significa nt for all pieces except the Mozart. Thus there were reliable 
dependencies of pulse preferences on composers and pieces (Minuet vs. Trio), which 
implies that the pulses do not apptyv<H)uaIIy to all parts of a musical cwnpoeltton. 

Bv-n though there was lltUe support for the spedfk predictions overall, an overall 
PAI was nevertheless computed for each subject, and Ita relation to the three measures 
of musical experience was examined. Just as in Experiment 1. Half the subjects had 
positive PAIS, half had negative ones. While the correlations with yean of musical 
education and houra of passive listening were negligible, the conrelatlon with active 
playing houn per week reached significance (r - 0.61. p .05). This correlation leinfoiced 
a weak trend in the same direction <>bserved in Eq)erlment la. suggesting that llstenen 
with more active musical experience are more appreciative of the correct pulses. This 
raised the question of whether professional musicians might give Judgments that are 
more In conformity with the predictions. 

The average Judgment* of the four profe^nal pianists are shown in Table 7. 
Because of the smaU number of subjects, on^ luaUtotlve comparison can be made 
with the data lnTid>le 6. Cleaity. there are somt, . mllaritlea and some differences In 
the Beethoven, the professionals, too. showed a conelatent preference for the Beethoven 
pulse. A striking difference fipom the earlier data is th«« llldi^ 0^ 
the Becthov -n Trio, to which the nonprofessional subjects had been indifferent. Their 
op posite reactions to the Schubert pulse in the Beethoven Minuet and TWo are 
Interesting. In contrast to the nonprofessional aul^ects' results, the pulse came 
out best m the Haydn Minuet, but not impressively so. aa it was not much preferred over 

J«jr4 



the neutral pulse. (Alao. on^ one aulDjlect actually gave the Haydn pulae the highest 
ratlDg: each of the other thi:ee sut^ects preferred a different pulse, and one of them 
ranked £he Haydn pulae last) m the Haj^ TUo, the Haydn pulse ranked second to the 
Schubert pulae. but neither waa preferred over the neutral version. The profesalonals 
disliked the Mozart pulae in the Haydn Trie, in stark contrast to the nonprofessional 
sub)ects. No clear preTerences emeiged in the Moaart piecea. but in both the Mozart pulse 
ranked last In the Schubert Minuet, the Schubert pulae. which had ranked last with the 
noiq>rofe8alonal aub)ecta. erne out firat (However, o^ one of the four professionals 
actually preferred the Schubert pulae. for two it waa tied with other pulses for first 
place, and one ranked it last.) In the Schubert THo. the Beethoven pulse was deariy 
preferred. 



TABLE 7. Av«ragfl ratings of tht computer ptrformancM in 
Exparimant 2a (4 profMaional pianists). 





Cempeaar 




Pulaa 






Baathovan 


Haydn 


Moiart 


Schubart 








MNUET 




Baslhovsn 


ATS 


•1.25 


■4.00 


•3.50 


Htydn 


025 


aso 


•2.00 


-2.00 


Moait 


•OJSO 


•1.25 


•1.78 


-0.75 


SchuiMft 


0.00 


•0.25 


•2.00 


a78 












Basthovsn 


3.00 


1.25 


0.00 


.50 


Hiydn 


-1.25 


•0.25 


•1.75 


0.00 


Mozart 


0.00 


0.00 


•1.80 


-1.00 


Schubert 


1.25 


•1.75 


•a.00 


-1J8 



In aumniaxy. the four profeaaional muaiciana' results yielded a aomewhat more 
positive n;8ponae to the Haydn and Schubert pulaea in the Minueta. but not in the TWoa. 
The Mozart pulas remained unauceeaaful throughout There were alao huge individual 
diffeiencea among the profeaalonala. In tetma of the PAI. the meaaure of individual 
confonntty to prediction 2. two of the four profeaalonala would have ranked among the 
top four aubjectj. had they been included with the other aul]!|ecta: the other two. 
however, would have ranked at the low end. Therefore, induaian of their data would not 
have increaaed the conelation between the FAI and muaical experience.^ 

Several additional coiTelatiana were computed for the 12 nonprofeaaional aubjecta. 
Their average ratings (Le.. their overall tenden^ to give poeitlve rating, or to dialike 
the neutral veraion) contlated poaitlvely with yeara of muafci inatructkm but negatively 
with active playmg hours (r ■ -0.51. p < .10) and paaalve Uatening hours. Tliough none of 
thMe correlatlona readied conventional levela of aigniflcance. they lupport a tendency 
observed in Bi^eriment la for musically more active aub|ecta to like pulaed versions 
leae. Thia tendency la ftuther supported by the results of the professional muaiciana (bce 
Table 7). who tended to give even more negative ratings overaU. Pediapa, theae aubjecta 
oqwcted mor« laterpreUtion* from the pulaed veraiona than they actuaQy pn»vided. 
The auqfecta' ftmiliartty ratings were alio eaounined. A aomewhat wider range than in 
Bq)eriment la waa found, though the pl«cea were again lelatlvety unfamfliar to most 
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•ubjecU. There was no correlation between familiarity and the average PAI (averaged 
over Minuet and Ttlo). Finally, for those dght ma^ects who participated in both 
Eb^ertments la and 2a. the correlation of PAIa across the two experiments was 
computed and &und to be algnlflranf (r* 0.74. p < .02). Ihus there seemed to be reliable 
individual differences in the extent to which subjects gave Judgments in agreement with 
predlctlaa 2— that la, in the degree to which they agreed with qynes. 

une posaible concern with the results of Eaqpetlment 2a was that the IVlos might be 
less charseterlstie of a composer's style, and that their separation from the Minuet may 
hatve diarupted the continuity of the musical composition and impeded listeners' 
appreciation of the pulses. Of course, the Minuet restdts in the first third of the test 
cannot be eacpisl n e d away in this fashioa However, it is conceivable that Judgments of 
the IMo would change when it follows Immediately upon the Minuet: and it ''•culd also 
be that sutjects modify thecr Judtftnentr of the Minuet after houlng the ta). It Is also 
PMSIUe that the absohite duration of the music pUQrs a role m •*«h«ii«««g the pulse. 
Therrfore. Bqjerlment 2b presented the Integral Sonata movements. In the first 
versica of the test, the Minuet repeata of the Mosait and Schubert were miasing. In the 
second version, all pieces were complete, and there were modified instructions and 
Dolby B playtMck. 

The data frcxn both verstons of the test ( p r esen ted to the same group of subjects) were 
submitted to a repeated-measures ANOVA with the £sctorB veisloo. composer, and 
pulse. There were two sig n lflca nt effects: a main effect of pulse. m,l2) * 7.79. p « .0038. 
due to a general preference for the Hqrdn pulae. fbUowed by Beethoven. Mosart. and 
Schubert, and a composer by pulae interaction. Ji(9.36) « 4.09. p * .0011. None of the 
effects involving versions was significant; thus it mi^ be concluded thrX addition of 
Minuet repeats in two of the pieces, changes in instructloa and Dolby B had little effect 
on sub|ects*jud0nents. 

The results are shown In Table 8. They are not unlike the average results of the 12 
subjects in Bxpertment 2a (cf. Table 6). with one strlUng exception: The Haydn pulse 
suddenly emerged as a clear wiruer in the Haydn piece. Hie magnitude of the effect 
seems atanoit miracuknia: aince U was present in both versions of Experiment 2b. it can 
only be attributed to the integrity of the SonaU movement. For none of the other three 
plecea. however, did the Inte^lty of the composition have a aimllarty mnhanMng effect 
on the appreciation of the correct pulae. In fact in the Beethoven piece, the Beethoven 
pulse was now liked leaa than the Haydn pulse, and the Mozart and Schubert pulses 
remained quite ineffective for their respective composers. 

Even though the statiatlcal anatysis did not reveal any significant differences 
between the two versions of Eaqperiment 2b, this could have been because of the small 
mmber of subjecta. Iherefore. the average ratings for the two versions were also 
conqtared by tyt. Compared to version 1, the ratmgs for version 2 were lower overall: 
this difference actualty approached algnlflcance. Thia was partlcularty true fo.' the 
correct pulses in all four pieces; there was no indication whatsoever that any correct 
pulae waa appreciated more in version 2 than m version 1. Thus tlie experiment was 
entirety negative with respect to posaible effects of addition of the Minuet repeat in the 
Mosart and Schubert. Instructkms. and Dolby B playback. 
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TABLI t. Avtragt ratings of tha computar porformancst in 

EIxparifTMnt 2b« 





CempoMr 


BMthovtn Haydn 


Mozart 


Sehubart 






FRST VERSION 0F7EST 


BMthovan 




1.00 


•2.83 


0.33 


Hiydn 


•0.50 


3.00 


-0.17 


•2.83 


Mozjit 


0.67 


0.33 


•0.17 


-2.67 


Schubert 


1.33 


1.67 


-0.83 


0.87 






SECX3ND VERSION OF TEST 


BMthovsn 


0.87 


1.00 


•1.50 


0.00 


Haydn 


0.67 


2.17 


-0.67 


•2.33 


Mozart 


-0.17 


-0.67 


-0.17 


•2.00 


Sehubwt 


0.67 


0.17 


•0.17 


•2.00. 



Experiment 2c 

The results of this further replication, with modified instructions and technically 
improved veisknis of the Moasart and Schubert pieces, are shown In Table 9. In the 
Beethoven piece, a preference for the Beethoven pulse emeiiged again, as In Experiment 
2a. In the Haydn piece, the Beethoven pulse was preferred somewhat over the Haydn 
pulse, which also resembles the results for the Haydn Minuet in Eaq^erlment 2a 
(nonprofessional subjects. Table 6): the striking preference for the Haydn pulse 
obtained in Experiment 2b rrable 8) was not replicated, even though the integrality of 
the composition was weserved. In the Momrt pteee. them a mamw^i prfffrwiw fgr 
the Mosmt pulse, though It was not rated much above the neutral version. Relative^ 
spesldrg. this constitutes a slight improvr nent over the previous results. Finally, in 
the Sdmbert piece the Schubert pulse rfr.i ed a positive rating but ranked behind the 
Hasdn and Beethoven pulses. This may als be taken as a aught improvement, but it is 
ceitau:]iy not impressive. 



TABLE 9. Avtrao* ratings of th« computar parfonnancas In 
Exparimant 2a 



Pulaa 


Compoaar 


Baathovan 


Haydn 


Mozart 


Sohubart 


Baathovan 


1.71 


•OJO 


•1.00 


0.50 


Haydn 


1.57 


1.21 


0.50 


0.50 


Mozart 


•1.00 


0.29 


0.43 


•0.50 


Sohubart 


1.50 


1.57 


0.43 


1.36 
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As In Ebq)ei1inent lb, which employed the same Instructloos with laigely the same 
sut))ects. the results ivere less consistent than to prevkms ruz^ 
there was a stgnlflrant main effect of composer. F(3.39) 5.51. p « 0.0030. due to hi^er 
ratings for Sch ubert and Hiydn than for Beethoven and Mozart. There was no 
wigntflcant main efiisct of pulae. but the crucial composer by pulse interaction did reach 
s ig ntflcance . FtA.llT) 2.47. p ■ 0.0190. As in Expolment 2b. there were no significant 
correlations between average ratings, familiarity ratings. PAI scores, and th; several 
mdloea of muaical eaperience. 

GENERAL DISCUSSION 

The results of these very preliminary experiments establish quite dearfy that 
listeners' rdavtve preferences for different pulse patterns vary with the piece th^ are 
listening to. Whether or not this composition by pulse interaction is caused by 
listeners' appreciation of composer-speclfie characteristics, it is sn important finding 
in itselC It indi c a t es that the listeners Judged the time-ampUtude deviations in relation 
to the musical content of each piece (Le.. as the expressive variatKms they were intended 
to be), lot Just as ph3rsical deviations of varying magnitude. Their Judgments 
presumtbty represent some measure of the degree to which the pulses fit the musical 
strubture. 

The pulses devised by Clynes were, of course, intended to provide an optimal fit for 
each composer. Bq>erlment la indeed revealed laig^ the expected pattern of pulse 
preferences (with on':* the Beethoven pulse being not convincing), though the results of 
Experiment lb were less encouraging. Nevertheless, these daU may be taken to provide 
some support for Clynes' choice of thne-ampUtude patterns for quadruple meter, at 
least for Mosart and Schubert. Curloualy. the results of Experiment 2 were 
complementaiy to those of Experiment 1 In that thqr provided dear support for the 
Beethoven pulse and orrasl on a l support for the Kayda pulae, but little evidence in favor 
of the Mozart and Schubert pulses. Moreover, in Experiment 2a listeners' Judgments 
differed for the Minuet and Trio parts. 

The toa^qxtty of the present subjects were moderate^ competent Judges of the general 
quality of a musical performance. They may be considered representative of that 
valuable subpopulstloa of concert (or radio) audiencea whose memben actually attend 
to the muaic and to the manner in which it is peifonned. Moreover, their Judgments 
were reasonab^ consistent: clesify. they were not Just guessii^. Possible weaknesses in 
the methodology (memoiy requirements, less than perfect sound reproduction) cannot 
be held req>onslble for consistent response patterns, only for noise in the data. 
Although an inappropriate pulse (Le.. that of a composer other than the compoeer of the 
piece) may occaalonalty have a poaltive effect, it is not desr why t^ie appropriate pulse 
mlcrostructure should ever be leaa appealing than an Inappropriate or neutral one to 
the moderately aophlatlcated listener. Such reverssls of Judgment may be cauaed by 
general pulse preferences or aversions, but the negative findings in the present study 
csnnot be explained on these grounds. Therefore, these findhigB indicate problems with 
the pulses themselves and their implementation, or possibly virtth the musical pieces 
chosen. 

Asto the pulses themselves. Coynes (1983. 1987) has stated that they are subject to 
caoUnumg refinement and i mp ro v ement (though presumably artists like, not 1^ the 
conseosus of ordmaiy music lovers). The 3-pulses especially were caUed tentative" by 
Clynes (1963). though some have been revised by him m the rnmanHnim jti^ patterns 
sre still not optimal, and perhaps they have aome idlo^ncratlc features that are 
unaoceps able to other listeners. Bach of the two independent paiametere of the pulse, 
duration and anqpUtude. has a certain depth of modulation: that is. each pulse is a 
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member ot a whole fieunlly of similar patterns vaiying in the magnitude of the 
prescribed deviations. Even if the basic pattern is right, the modulation depth may be 
either too large or too small, vith the resulting pulse either sounding exaggerated or 
being meffectfve. It may be noted, m that connection, that Qynes developed the pxilses 
using sine wave synthesis, whereas most of the present pieces were performed with a 
synthetic piano sound. The different sound quality, with its different overtone 
structure and qMctral balance, may require an adjustment in the pulse modulation 
depth. The pulse may also need to adjust somewhat to different tempos, overall 
loudnesses, and the presence of multiple voices. C^es' "attenuation factors' 
attempted to adiieve these goals, but perhaps not with full success. 

Another relevant issue concerns the maintenance of the pulse throughout a piece. As 
pointed out in the introduction, this fbUows firom Clones' earlier ideas on tlme-fomi 
prtnting* m the central nervous system and Is an important part of the theory. Clynes 
(1986) Unks it to psychoblological clocks and repetitive motor activities such as 
walking: he clamss that listeners em>ect repetition of the pattern and wouM consider 
substitution of a different pattern disturbing. CssentiaUy, the physical pulse, as 
In sta nti a te d m computer perfonnanees, is modelled after the ftmer (mental, subfecttve) 
pulse, which (aocoidlng to Beddng's. 1928. and dyues' introspections) does possess the 
postulated constracy. However. Clynes (1987) also notes that actual performanoes axe 
Uktfy to contam "noise" in the form of random and plarmed deviations firom the puise, 
as one should e^MCt from a human performer. Also. Beddng (1928) commented that a 
composer's characteristic dynamics are not expressed equally throughout a 
com p osi t io n , so the modulation depth of a pulse may have to vary in the course of a 
piece. In additloo. of course, there eve maay other eatpnssive devices fouch as crescendi 
and d lmlnum dl. MpDcM accents, rttardandl and accelerandi. phrase-final lengthening. 
etc.) that would be laid on top of a pulse m an actual poformance. Pew of these devices 
were used in the present computer performances, so as not to Introduce too max^ 
complexities. However, the result may have been Jiat the pulses were too obvious and 
exposed to be wholly pleasing. The precise, naked repetition of the pulse Identifies the 
perfonndsce as that of a machine, even though the pulse itself Is intended to impart 
"living qualities." While expert listeners (such as Coynes hhnseU) may be trained to 
evaluate such bare pulses in tenns of the musical thought they evoke, other listeners 
may appreciate pulses, if at an. only as the background carrier for other, structurally 
determmed modulations of the musical ftow. All this goes to say that the present 
materials were deliberately simple performances for laboratory u le. and that peiihaps a 
sweeping success of the pulses with untrained listeners should not have been expected, 
particularly in Bq^eriment 2. where the Minuet dance characteristics were deUberateiy 



Finally, we turn to the issue of the generality ot the pulses across all works of a 
composer. Although Clynes has likened composers' pulses to stable individual 
characteristics such as handwriting or voice quaUty (Clynes. 1986) and has stated that 
thqr do not seem to change with a composers' age (Clynes. 1987). in personal 
communicattons he has expressed reservatlona about some of the present pieces on the 
grounds that they represent compositions fircm the composer's youth (e.g.. Beethoven's 
op. 10. No. 2. used m Experiment 1). He has also Mnted out to this author that, in his 
opinion, the TWo sections of Minuet movements ^.a often not characteristic of their 
composers' style, and that this may eqdamsome of the poor results m aq)ei1ment 2a. 
However, while random results would be consistent with this suggestion, systematic 
preferences for liupproprlate pulses are more dlfilcult to explain. Moreover, the 
suggestion that a pulse applies only to music that is characteristic of its composer 
threatens to make the theory circular, since there is no objective measure of 
characterlstlcness." An unlimited number of pieces could be exempted on these 
grounds. Similarly, tt is not clear where to draw the line between early and mature 
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cjoi p ot t lOM. (Mosazt. for example, h»d written ufanotl fViO other works before the 
ptano aonatas fhn which the present escceipts were takea and h^ 
his perMnal style by that time.) It would be quite reasonable to an*«nd Coynes' theoiy by 
allowing composen' pulses to become more pronounced and dearly defined with age; 
thus listeners may have greater difficulty appreciating the 'correct" pulse In earlier 
compositions. It seems, however, that even such an amended theoiy would not allow for 
preferences of other composers' pulses over the correct one. as occurred in several 
Instances. 

The generality of a composer's pulse over his whole c<iuvre is dea^ implied by 
Clynes' theoiy as presently stated. Obviously, a much larger set of compositions will be 
needed to test this part of the theory thoroughly. However, it is dear that the idea of a 
single characteristic pulse for a composer is an abstraetlon derived firom intimate 
familiarity v'th his total oeuvre. This Ideal pulse can perhaps be appreciated by artists 
who are able to experienee any given piece in the context of stored knowledge about the 
composer's total output Ktaawtng that a ptece is by Beethoven, iwy. they would find the 
Beethoven pulse appropriate because th^ reeoonise it as 13eethovenlan." Individual 
compositions of a composer, however, may require an expressive microstructure that 
deviates more or less from the ideal composer's pulse, in accordance With the specific 
structursl properties of the piece. (An anakigy to the mean and variance of a statistical 
distribution might be tppaiptiatt.) Dependh^ on the conqMser's oqnesslve nui^e and 
stylistic consistency, that piece-specific pulse may be a variant of the Ideal pulse, or it 
even may be in conflict with it Moreover, it may vary in the course of a piece as the 
musical structure unfbkls.iorhe subjects in the presmt experiments may have Judged 
the performances m such a piece-spedfic frame of reference, despite the revised 
instructions m Experiments lb and 2c. If so. their ratings may indeed be a measure of 
the "typicality" of a piec« among all composiUons of a conq)oser. »»»>tmiiryg that Ctynes' 
pulse patterns are clot« to the tnie ideal The negative results in Experiment 2. for 
O MPpte . could be interpreted as suggesting that the Mozart and Schubert Minuet 
movements were not tj^plcal of their respective conqiosers. that the Mocart Trto could 
be m ista ken for Haydn, the Hitydn Trio for Mozart, and so on. Some independent 
perceptual or musicologlcal criterion wiU be needed to Judge whether these suggestions 
are tenable. 
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FOOTNOTES 

*Music Perception, 6, 243-274 0989). 

>The term ^duraJon* is used by Qyne^ though it ip meant to refer not to the time from the onset of a 
note to its ofbet (whkh depends on the degree of legato or staccato) but to the time from the onset of 
one note lo th^ cmset of the next notei, or the onset-to^nset intervet (OOI). 

*art of a "Tteiputerized Sy^em for Imparting an Expressive Mlcrostructure to Su ccession of Notes in a 
Musical Score^ that was awarded US. Patent No. 4,704,682 (November 3, 1987). 

^Shorter notes within a pulw beat are treated according to a pulse at that level (Qynes, personal 
communication). 

^Nevertheless, the feet that the present materials (with one exceptfon) had not been tried out praviously 
with composers' pulaes made d.jse experiments a last of the generaUty of the pulM 

'Although the author had made up the sdmulus tapes and thus was the only subject to have heard thr 
materials before he had no racoUectfon of the test order at the time of testing and had not yet learned 
to kk > :^ the individual pulse pettems. 
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HhcAuat of lAut alltnuafion teclort, Uw hl^ir4cvtl pultii wm not ttricdy Om umm acioM the 
di£ftr«nt cor potMont. Tliit OMthodologtcal complication had to bt ignored for purpotts of analysis. It 
might also bt notad that tha basic pulsa patterns for different compoaers (Table 1) aie not equal with 
respect to average modulation depth. 

^iThe Mosait-pulse version of the Beethoven, however, was recorded in regular piano sound; this did not 
seem to affect listeners' judgments. The other versions ivere also used by l%ompeon (submitted, Exp. 3) 
and can be heard on the record accompanying Qynes (1987). 

^Thik was also true when year* of musical education were computed for the dominant instrument only 
or for piano only. To illustrate some of the individual variability: The subject with the highest PAI (3.00) 
is an actt*/j amateur cellist; the pcvson with the second-highest PAI (232) never had any !r sic 
education; the person with the lowest PAI (-1^3) had the longest music education of aH though shfe no 
longer plays her instruments (piano and violin). 

^t was not attempted to estimate numerically the musical experience of the professionals. Cleari}', it was 
fiir above that of the other subjects; thereforar computation of corrdations across all subjects was noc 
advisable. 

^^t would exceed the scope of the present study to investigate this hypothesis further, in view of the 
length aiul complexity ^f the musical materials. It was observud infonnally by the author and other 
listeners ;liat the positive or n^ative impressions evoked by a pulse did vary in th^ 
more detailed investigation of the interaction of structural properties and pulse effectiveneM would 
require tracking listeners' judgments continuously or presenting shorter, structurally homogeneous 
musical excerpts for evaluation. 
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